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 Das Streben nach Weiterentwicklung und Implementierung neuer Synthesetechniken für die 
Produktion von Nanostrukturen mit außergewöhnlichen Eigenschaften treibt die Grenzen der 
Nanotechnologie immer mehr voran. Zudem ist es von fundamentaler Wichtigkeit, bereits etablierte 
Synthesetechniken durch den Einsatz neuer Materialien als Präkursore, Substrate oder Katalysatoren neu 
zu überdenken. Diese Anpassung bereits bekannter Prozesse und die Entwicklung neuer 
Synthesetechniken führen zu wichtigen Durchbrüchen in der Nanotechnologie und sollen im Fokus dieser 
Arbeit stehen. In dieser Arbeit wird der Fokus auf beide Arten von Experimenten gesetzt.  
Eine Variante der chemischen Gasphasenabscheidung (chemical vapor deposition/ CVD) wurde 
verwendet, um aus Saphir-Wafern Al5BO9 Nanodrähte ohne Hilfe von Katalysatoren herzustellen. Die 
Neuheit dieser Arbeit basiert auf dem Entstehungsmechanismus der Al5BO9 Nanodrähte. Im Grunde kann 
dieser Prozess als eine umfangreiche topologische Transformation beschrieben werden, welche auf der 
Oberfläche des Substrats stattfindet, da seine chemische Zusammensetzung sich durch die Ankunft neuer 
Präkursormoleküle ändert. Ein dichtes Gewebe von Al5BO9 Nanodrähten bedeckt weite Teile des 
Substrats, die zuvor relativ flach waren. Der Prozess wird verstärkt durch hohe Temperaturen und das 
Vorhandensein von Oberflächenschäden (Risse, Terrassen, etc.) des Substrates. Es wurden sowohl Al5BO9 
Nanodrähte, als auch B/BOX Nanodrähte und BOX Nanoröhrchen durch eine neue in situ 
Elektronenstrahl-Synthesetechnik hergestellt. Der Prozess wurde bei Raumtemperatur in einem 
Transmissionselektronenmikroskop durchgeführt. Im Fall der B/BOX Nanodrähte wurden Au-Nanopartikel 
als Katalysator verwendet, während die Al5BO9 Nanodrähte ohne das Hinzuziehen von Katalysatormaterial 
synthetisiert werden konnten. Die Entstehung und das Wachstum von Nanostrukturen werden allein 
durch den Elektronenstrahl angetrieben. Der Wachstumsmechanismus der B/BOX Nanodrähte und der 
BOX Nanoröhrchen hängt dabei vom Zusammenspiel der elektrostatischen Ladung des 
Präkursormaterials, um Rohstoffe herzustellen und zu transportieren, und der durch Elektronen 
stimulierten Desorption von Sauerstoff ab, welche die katalytischen Eigenschaften der Au-Nanopartikel 





basierend auf einer massiven atomaren Umlagerung im Präkursor. Anschließend kann die Länge der 
Nanodrähte durch einen Mechanismus beeinflusst werden, der analog ist zu dem für das Wachstum von 
B/BOX Nanodrähten.  
Schlussendlich wurden für die Experimente, auf denen diese Arbeit basiert, Bor-reiche Materialien 
gewählt, da sie bemerkenswerte Eigenschaften aufzeigen. So haben reine Bor-Nanostrukturen vielfältige 
Anwendungsmöglichkeiten, von der Aufbewahrung von Radioaktivem Müll bis hin zu leichten 
Kugelschutzwesten. Keramische Stoffe, wie Al5BO9, können unter anderem als Verstärkung von 
Kompositmaterialien oder als Oxidations- und Hitze-beständige Schutzbeschichtungen verwendet 
werden. Zudem liegt es nahe, dass der Erfolg der angewendeten Synthesetechniken maßgeblich durch 
die Eigenschaften von Bor beeinflusst werden. Beispielsweise begünstigt seine kleine Größe und geringe 
Masse die Diffusion von Bor in das Saphir-Substrat während des CVD-Prozesses, wie auch die von 
elektrostatischer Abstoßung bedingte Migration von Bor-Rohmaterial, wie sie während der 
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The marked trend towards the miniaturization of technological appliances is only possible if their 
building blocks become themselves increasingly smaller, eventually reaching nanometer-range sizes. 
Therefore, it becomes essential to develop manufacturing techniques that are capable to reliably produce 
nanostructures with a well-defined geometry. Additionally, in-situ synthesis procedures that allow for a 
direct observation of the formation and growth process of one-dimensional nanostructures are very 
valuable from a more fundamental perspective. These types of techniques help to elucidate questions 
about the fine aspects of the growth dynamics that are not yet fully answered.   
Of equal importance to developing and refining synthesis techniques is to learn how to optimize 
them and adapt them to produce nanostructures made of materials that exhibit exploitable properties. 
After all, it is the specific set of properties of the nanostructures what will ultimately dictate which 
applications are suitable for them. Boron-based nanowires have been selected as the subject 
nanostructures produced and explored in this thesis work. B-rich materials possess many unique 
properties that make them outstanding candidates for a number of potential applications (more details in 
section 1.2). Furthermore, their properties also make them suitable materials for in-situ synthesis 
methods which form a core part of this thesis work. 
1.1. Many paths to go “nano”. 
The synthesis procedures used to manufacture nanomaterials can be divided in two broad 
categories: top-down and bottom-up.  Top-down approaches start with a macro or mesoscopic initial 
material out of which nanostructures are extracted for example by carving, etching, ball milling or 
lithographic methods. In contrast, the starting materials in bottom-up approaches are microscopic (from 
nanoparticles down to individual atoms). Here the formation/growth of the nanostructures relies on self-
assembly mechanisms driven by physical or chemical forces acting on the microscopic materials used as 
precursors, catalysts, etc. Typical examples of bottom-up techniques are chemical vapor deposition 





a top-down approach was used to make Al5BO9 nanowires via CVD while the beam-induced in-situ 
technique used to produce B/BOX and Al5BO9 nanowires as well as BOX nanotubes is a bottom-up method. 
 There are several features that are desired in any synthesis technique such as: low cost of the 
materials and setup, reproducibility, fast implementation and low energy consumption. Each synthesis 
approach scores distinctively in each of these features, high in some and poorly in others. In general, it is 
desirable to minimize the reaction temperature as well as the duration of the synthesis process since by 
doing so one lowers the total energy input. Widely spread bottom-up techniques such as CVD and laser 
ablation are typically lengthy procedures during which an elevated reaction temperature (with few 
exceptions)1 is sustained.2 – 6 Magnetron sputtering procedures are generally implemented faster but also 
usually require elevated temperatures (with some exceptions).7, 8 Methods that rely on the calcination of 
various kinds of precursors (sol-gels, porous materials, powders, etc.) are of course dependent on the 
application of high temperatures. 
Top-down room temperature procedures include: nano-imprint lithography,9 – 11 electron beam 
lithography12, 13 and even AFM lithography.14 However, these approaches have drawbacks: the as-
produced nanostructures cannot be easily detached, expensive pre-patterned masks are needed and they 
are not modifiable, some procedures can be quite lengthy if a single e-beam or AFM tip is used to scan 
surface of the substrate. Several works describe bottom-up synthesis of nanowires12 – 23 and quasi-one 
dimensional nanostructures24 – 26 through chemical reactions occurring in aqueous solutions at room 
temperature. The main drawback of these techniques is that the reaction times are generally long going 
from some of hours16, 20, 22, 23, 25, 26 up to days18, 19, 21 (few exceptions exist).16, 17 There is a handful of other 
methods that can be performed at room temperature such as: chemical bath deposition,27 etching28, 29 
and electrochemical deposition30 – 32 and other much less common procedures.33 – 36  However, the 
protocols of several of these techniques are highly customized to produce nanostructures of a single 
specific material. It seems that these methods cannot be easily adapted to produce nanostructures made 
of a wider range of materials. 
Electron beam-induced growth is a recent approach that covers several variations of bottom-up 
protocols to produce one-dimensional nanostructures. This method is different than e-beam lithography; 
here the nanowires either protrude, or, suddenly form when a micron-sized precursor is irradiated by a 
convergent beam.37 – 52 The overall consensus is that this type of technique operates at room 





(TEM) and have a “proof of concept” status; therefore these approaches are not yet suited for mass 
production of nanostructures.  
The main goal of this thesis work is to further developing our understanding of the mechanisms 
behind growth/formation of B-based nanowires via CVD and, with a stronger emphasis, through in-situ 
electron beam-induced synthesis methods. 
1.2. Boron: theory and applications. 
 Beyond the contents of this thesis, there are plenty of good reasons why boron and certain B-rich 
materials are at the center of much scientific research. Boron is the fifth lightest element that exists (2.37 
g/cm2) and it is the only semi-metallic element (in bulk quantities) of the group III of the periodic table. 
Boron has a very high melting point of around 2300 °C, hardness comparable to that of diamond and it is 
a semiconductor with a bandgap of around 1.56 eV.53  
 A good share of theoretical as well as experimental research has been dedicated to study 
elemental boron. Boron has a very complex chemistry due to its “electron deficient” character, meaning 
that it has less valence electrons (three) than available orbitals (four). Boron atoms form icosahedral B12 
clusters that form the basic blocks of all the known boron allotropes. Up to date 16 different B allotropes 
have been reported54 being the α-rhombohedral phase the most common in the bulk state. Other phases 
include an α-tetragonal phase,55 a high pressure superconducting phase56 and an ultra-hard (Vickers 
hardness of 50 GPa) high pressure γ-B28 phase.
57 These are possible atomic configurations in bulky B 
specimens, however, new bonding schemes are possible when one dimension is suppressed, i.e. in 
atomically thin boron sheets known as “borophenes”. Theoretical studies have produced various 
bidimensional B polymorphs with different levels of stability: the buckled triangular, the distorted 
hexagonal, and the so-called α- and β-sheets among others.58 – 68Recently, borophenes with a buckled 
triangular structure69 as well the β12 and χ3 sheets
70 have been produced via CVD. Additionally, free-
standing single layers of the γ-B28 boron allotrope have been obtained.
71 
 Just as in the case of graphene being the precursor of CNTs, borophene can curl and zip-up to 
form boron nanotubes (BNTs). Nanotubes made of the α-sheet as well as of the triangular sheet are 
predicted to be metallic (with ballistic transport) irrespective of their chirality in contrast to CNTs. 





effects.60, 61, 72 – 74 There are some experimental works reporting the successful synthesis of BNTs through 
CVD, nevertheless, the fundamental issue of resolving their atomic structure remains unanswered.75, 76  
 In the elemental state boron has a wide range of current and potential applications. For instance, 
B has a large cross-section for neutron capture; boron-10 (a naturally occurring non-radioactive isotope) 
is an attractive element for cancer therapy, the isotope absorbs thermal neutrons and decays producing 
high yields of alpha particles that are used to attack tumors.77 Boron-containing glasses are used for 
containing radioactive waste.78 Boron is a p-type dopant commonly used in the semiconductor industry.79 
Boron filaments have long been regarded as reinforcement elements in composites with high 
temperature resistance to be used as part of the fuselage of aerospace vehicles.80 It remains to be seen 
which kind of applications can be realizable with the novel bidimensional B structures that have been 
recently synthesized. 
1.2.1 Boron nanowires. 
 In contrast to the scarcity of reports about the synthesis of boron nanotubes, boron nanowires 
(BNWs) have been produced a number times through various experimental techniques. 
 Boron nanowires can have different crystalline phases that affect their physical properties. For 
instance, the crystalline structure modulates the electrical transport and mechanical properties of the 
nanowires. BNWs with an orthorhombic crystalline phase (not observed in bulk boron) are 
semiconductors with conductivities in the range 1.3 – 5.5 x 10-5 Ω/cm.81 BNWs with a β-rhombohedral 
structure are p-type semiconductors with an estimated carrier mobility of 10-3 cm2/Vs82 that show a stable 
conductivity of around 4.4 x 10-4 Ω/cm even while subjecting them to a mechanical strain up to 3 %.83 This 
type of nanowires have an average bending modulus of 310 GPa and tensile strengths between 2 and 8 
GPa84  which makes them attractive candidates for flexible electronics. Semiconducting β-rhombohedral 
nanowires become metallic when a pressure of 28 GPa is applied (at room temperature) and turn  into 
superconducting nanowires under 84 GPa of pressure at a critical temperature of 1.5 K.85 BNWs are also 
attractive as cathode elements due to their good field emission performance. Individual nanowires with 
an α-tetragonal structure reach an emission current density of 4 x 105 A/cm2 when subjected to a high 
electric field of 74 V/µm.86 Bundles of α-tetragonal BNWs can reach an emission current density of 14 





crystalline structure are good field emitters reaching an emission current density of 10 µA/cm2 at a 
threshold electric field of 5.3 V/µm.88  
 CVD is easily the most common technique used to manufacture crystalline BNWs and amorphous 
BNWs81, 83, 84, 86,  89 – 94 as well as Y junctions formed between fused amorphous nanowires.95 Typically, 
growth proceeds through the so-called vapor-liquid-solid mechanism or VLS mechanism (explored in the 
next chapter). Among the preferred catalyst materials we have Au,90, 91, 93 – 95 NiB,81, 84 and Fe3O4 
nanoparticles.86, 86, 88 Cu nanoparticles have been used as catalyst in a thermal “solid-solid” synthesis 
process taking place in top of a diamond surface to produce BNWs.96 Other one-dimensional boron 
nanostructure such as nanoribbons97 and nanobelts have also been obtained by CVD. Catalyst-free 
magnetron sputtering has been applied to produce amorphous boron nanowires,98, 99 amorphous 
“feather-like” (branched) BNWs100, 101 although crystalline BNWs are also possible upon the addition of Au 
catalyst nanoparticles.102 Catalyst-free laser ablation has been used to synthesize amorphous BNWs103 
and crystalline boron nanobelts which can be imagined as thick nanoribbons.104, 105 Adding a mixture Ni 
and Co powders to the ablated B target results in the production of crystalline BNWs.106 A common factor 
shared by all of the experimental techniques mentioned here is that an elevated reaction temperature is 
needed during the synthesis procedure. 
1.3. Aluminium borate and other boron-rich solids. 
 Several boron compounds and boron-rich solids have applications of current and potential 
technological relevance. For example, hexagonal BN is a wide bandgap semiconductor (bandgap ≈ 5.97 
eV)107 that has a structure similar to that of graphite, in fact, single atomically thin layers of BN analogue 
to graphene can be produced.108 – 110 Monolayers of BN could be used as proton-conducting membranes 
for fuel cells111 and  as structural component in microfluidic cells112 or as an dielectric element in 
graphene-based devices.113 Borides such as LaB6 have well-established applications as field emitters for 
electron microscopes114, 115 or MgB2 nanowires that might have applications as a superconductor 
connectors.116, 117 Boron ceramics are extremely hard and lightweight, for example, boron carbide (B4C) is 
the third hardest material known at room temperature (Vickers hardness ≈ 40 HV/GPa)
118 making it an 
ideal material for bulletproof armor. Furthermore, boron carbides have a high Seebeck coefficient which 
makes it attractive for thermoelectric applications.119, 120 One of the B-rich ceramics that stands out due 





 Aluminium borate is a low-weight refractory ceramic material (2.93 g/cm3) with excellent 
mechanical properties (tensile strength = 8 GPa, Young’s modulus = 400 GPs) and thermal stability 
(melting point = 1420 – 1460 K, thermal expansion coefficient = 1.9 x 10-6 /K).121 There are two main 
aluminium borate phases: Al4B2O9 and Al5BO9 (previously denoted as Al18B4O33).
122 Both phases tend to 
crystallize in the form of elongated whiskers. The Al5BO9 phase is slightly more thermodynamically stable 
than the Al4B2O9 phase and also has a higher hardness and elastic modulus.
123 The high tensile strength 
and elastic modulus of aluminium borate whiskers is comparable to those of SiC whiskers,124 but, Al5BO9 
whiskers have higher resistance to oxidation at high temperatures and lower production cost.125 This set 
of properties have made aluminium borate whiskers and nanowires excellent candidates to produce 
reinforced composites with metallic,121, 126 glassy127, 128 or plastic matrices129 that are able to withstand 
elevated. Composites reinforced with aluminium borate whiskers or nanowires can have applications 
ranging from denture base materials to the automobile and aerospace industries.130 – 132  
1.3.1 Aluminium borate nanowires and whiskers. 
 There is a wide variety of synthesis routes for the production of aluminium borate whiskers and 
NWs, however, as in the case of BNWs, all of them rely on an elevated temperature to promote the 
formation/growth reactions. Several methods are simply based on calcinating various precursors 
materials. The nanowires/whiskers then crystallize as a consequence of the heat treatment. Coarse 
aluminium borate whiskers (Al4B2O9 or Al5BO9 or both) have been produced by partial thermal 
crystallization of glasses containing B2O3 and Al2O3.
130 Al4B2O9 nanowires can be obtained simply by 
heating powders of B2O3 and Al under Ar flow
132 or adding B powder to the mix and heating the mixture 
in air.133 Al5BO9 nanowires can be produced by direct heating of solutions of Na2B4O7·10H2O and Al 
(NO3)3·9H2O
134 or by heating solutions of KAl(SO4)2·12H2O and Na2B4O7·10H2O with or without the 
addition of extra Al powder and in an Ar atmosphere.135 Compacted materials have also served to 
produce porous structures made of sintered aluminium borate whiskers. Al5BO9 whiskers can be obtained 
by firing compacted mixtures of aluminium hydroxide, boric acid and nickel oxide intended as additive.131, 
136 Calcination of sol-gel precursors such as Al2O3–2B2O3 xerogel
137 and gels obtained by heating solutions 
of Al(NO3)3 and H3BO3
138 is also an effective approach to produce Al5BO9 nanowires. 
 Catalyst-assisted CVD using NiB139 or Fe3O4 nanoparticles for the growth of Al5BO9 and Al4B2O9 





substrates i.e. without the addition of a catalyst is also possible, this work is precisely one of the main 
topics explored in this thesis. 
 Interestingly, the use of a catalyst material is avoided in most of these reports. Therefore, a 
growth mechanism other than the vapor-liquid-solid (VLS) mechanism should be considered. Moreover, 
even in those reports where a transition metal (elemental or in a compound) is used as additive or 
deliberately as catalyst, evidence in favor of the VLS mechanism such as the presence of metallic 
nanoparticles at the tips of the nanowires is absent. Understanding and developing a more universal 
catalyst-free formation mechanism of aluminium borate nanowires is a key aspect of this work, especially 
given the diversity of synthesis routes and growth mechanisms reported in the literature. 
 The following and final section deals with a less conventional approach for the synthesis of 
nanostructures; this is e-beam-induced growth of nanostructures. This technique can also be applied for 
the production of Al5BO9 nanowires. 
1.4. In-situ TEM synthesis of one-dimensional nanostructures.  
 A wide variety of materials have proven to be suitable precursors for the synthesis 
nanostructures of all dimensionalities via e-beam irradiation.140 However, only one kind of boron-rich 
nanostructure has been synthesized fully inside a TEM, namely, boron nitride (BN) nano-onions which can 
be classified as quasi-zero dimensional nanostructures. 141, 142 However, this work focuses on the e-beam-
induced synthesis of boron and boron-rich one-dimensional nanostructures. Boron-based materials are 
absent in this sub-area of the field. 
 The catalyst-assisted in-situ synthesis of B/BOX nanowires and BOX nanotubes inside the TEM is 
one of the central topics of this work. This seems to be the only published work showing the catalyst-
assisted growth of one dimensional nanomaterials purely instigated by electron beam irradiation. 
(Catalyst-assisted growth of nanowires was observed for the first time in real-time inside the TEM,143, 144 
however, the experiments relied on reproducing the conditions of a CVD reactor inside the TEM column 
using specimen stages with heating capabilities and equipped with a flow-cell, or, inserted into a so-called 
environmental TEM). The details regarding the protocol, results and phenomenology of this work will be 
described in depth in the following chapters. Briefly, amorphous core-shell B/BOX nanowires are 





matrix with a convergent beam. The Au nanoparticles provide the catalytic sites that lead the growth of 
the nanowires.  The role of the Au nanoparticles can be shifted. By controlling the duration of the 
irradiation time the nanoparticles can be made to retract from their tip positions and move inwards 
through the nanowires vaporizing their inner core leaving a hollow BOX shell behind, i.e. a BOX nanotube. 
The details of these processes will be amply discussed throughout this thesis.  
 One way to describe the growth process of the B/BOX nanowires would be to say that the 
nanowires are “extruded“ by the action of the electron beam. This would be then a case of electron 
beam-induced catalyst-assisted extrusion of nanowires. Reports on the catalyst-free extrusion of 
nanowires out of irradiated precursors are more numerous. Other type of beam-induced production of 
nanowires can be labeled as “synthesis by global morphological transformations”. The beam-induced 
formation and subsequent growth of Al5BO9 nanowires reported in this thesis can be explained as a 
combination of a beam-triggered global morphological transformation followed by beam-induced 
extrusion. The crystalline nanowires nucleate rapidly as the converging beam irradiates an initially 
amorphous precursor microparticle. The transformation changes the morphology of the whole precursor; 
afterwards, some of the nanowires can be further extruded simply by irradiating the remaining precursor 
with a highly condensed beam.  
 The beam-induced extrusion of nanowires generally requires the generation of a field within the 
precursor material in order to establish a force gradient that instigates the preferential transport of 
feedstock material towards the growing nanowire. In many cases the force field is an electrostatic field 
produced by beam-induced charging. In this scenario the feedstock material are charged ions typically 
produced through radiolysis processes. The ionic feedstock, sensitive to the forces generated by the 
electric field, moves along the field lines. The key point is that the field lines either point towards the 
growing nanowires or concentrate at their tips. This mechanism has been proposed to explain the growth 
of Cu, Ag, and bimetallic Cu-Ag nanowires being extruded from zeolitic precursor materials,42 – 45 SiO2 
nanorods and hybrid Si-C nanostructures out of porous silicon films46 and Na nanorods out of irradiated 
NaCl crystals.47 Variations of this mechanism have been put forward to explain the extrusion of Ag 
filaments extruded from irradiated from α-Ag2WO4
48 and α-Ag2MoO4
49
 crystals respectively, Cu nanowires 
growing from CuCl nanoparticles coated with a polymethylpolysilane (PMPS) sheath50 and Li nanorods 





 Formation of nanowires by global morphological transformations of irradiated TEM specimens 
can be seen as large-scale phase transitions triggered by e-beam irradiation. Initially, the precursor 
microparticles have a metastable atomic structure. The energy input provided by the beam drives a global 
reaction that changes the precursor’s atomic structure and stoichiometry into a more stable 
configuration. This kind of phase transition has been observed by Sood et al. while condensing an e-beam 
over a group of WO3 nanocrystals.
37 The polymorphic reaction happens quickly after the current density 
trespasses a certain threshold. The nanocrystals spontaneously rearrange into bundles of stable 
nanowires. The formation stage of Al5BO9 nanowires explained in this work falls into this category of 
phenomena. A partial morphological transformation occurring only on a fraction of the precursor that is 
subjected to a high enough current density is reported by Dawson et al. The researchers produced WO3 
nanowires by concentrating the e-beam under an area of a precursor consisting of WO3 covered with a 
sheath of trimethylamine.38  
 Throughout this introductory chapter it has been established that pure boron nanostructures and 
nanostructures made of boron compounds (aluminium borate in particular) are interesting from the 
theoretical as well as the technological point of view. Also, the recent development of in-situ techniques 
where the electron beam of a TEM is used as the sole agent for the synthesis of various nanostructures 
has been highlighted. A large portion of this thesis is dedicated to apply this synthesis approach to the 













2. Fundamentals and experimental details.  
This chapter is dedicated to fulfill three main purposes: 
1) To lie down the basic technical aspects as well as theoretical considerations related to the 
experimental synthesis techniques that have been applied throughout this work.  
2) To specify the experimental procedures and synthesis protocols implemented for the 
production of Al5BO9 nanowires as well as B/BOX nanowires and BOX nanotubes.  
3) To explain some of the basic aspects of the analytical tools used to study and characterize 
the morphology and composition of the as-produced nanowires and explain how these tools 
and studies help to uncover the dynamics behind their growth mechanisms.  
2.1. Fundamental aspects of traditional synthesis techniques. 
 The next two subsections explain the basics of CVD and layer ablation with a focus on the 
synthesis of one-dimensional nanostructures. CVD was used for the synthesis of Al5BO9 nanowires on 
sapphire substrates while laser ablation was applied to produce the precursor material necessary for the 
synthesis of B/BOX nanowires, BOX nanotubes and Al5BO9 nanowires inside the TEM.  
2.1.1. Chemical vapor deposition. 
 
Chemical vapor deposition (CVD) procedures traditionally take place in what is referred to as a 
“CVD reactor”. The particular synthesis dynamics that take place within the reactor vary from one CVD 
Figure 2.1. Horizontal CVD 
reactor. A schematic drawing 
of the CVD reactor utilized for 
the production of crystalline 
Al5BO9 nanowires. The most 
important parts and materials 





procedure to another; however, it is possible to sketch a general pathway that broadly describes the 
sequence of steps occurring in a typical CVD experiment. Figure 2.1 shows the CVD setup employed in 
this work. This particular arrangement is a “horizontal thermal CVD reactor”. The relevant components 
and locations of the CVD reactor are labeled, their role in a typical experiment is sequentially explained 
next:  
1) A long tube constitutes the reaction chamber. The tube is made of quartz since it has to 
withstand the elevated reaction temperatures.  
2) A gas inlet is connected to one extreme of the tube and an outlet to the opposite one. 
The gas can fulfill different roles: it can itself be or contain the precursor material, or, it can be 
used to carry small amounts of the precursor found elsewhere all the way to the substrate. The 
“carrying” can be mechanical (gas atoms/molecules collide with superficial precursor molecules 
turning them volatile through momentum transfer) or it can involve chemical reactions in which 
the carrier gas reacts with the precursor producing new gaseous compounds.  
3) The tube runs through a cylindrical furnace. Usually, the precursor material and a 
substrate are placed next to one another in separate containers in the center of the furnace. The 
substrate can provide more than just a support where the nanostructures grow, sometimes the 
synthesis happens through chemical reactions between the substrate’s surface and the precursor 
vapors. 
4)  A catalyst material might or might not be added onto the substrate in order to facilitate 
the growth reactions. It is also possible to “inject” the catalyst in a gaseous form directly inside 
the reactor.145, 146 The procedure is known as the “floating catalyst” method and in this case the 
growth reactions take place in a gaseous plume without the need of a supporting substrate. 
Details on the catalyst’s role in a microscopic scale during the growth reaction are explored 
below.   
5) A water trap connected to the outlet helps to reduce the amount of gaseous byproducts 
that might escape into the environment.  
The CVD experiment runs for a certain reaction time. Once it is completed the system is let to 





Parameters such as the precise reaction time, the reaction temperature and the gas flow must be 
appropriately tuned for each experiment. They depend on the chemical and physical properties of the 
precursor material, the catalyst (if required), and the substrate (if needed). These aspects are discussed 
next.  
2.1.2. Vapor-Liquid-Solid and Vapor-Solid-Solid mechanisms. 
The addition of a catalyst material enhances the growth reactions in a CVD experiment and 
modulates the morphology of the products. During the synthesis of one-dimensional nanostructures one 
of the preferred catalyst materials are transition metal nanoparticles. The selection of the catalyst 
material depends on the composition of the precursor and the reaction temperature: the reaction 
temperature has to approach the eutectic temperature between the precursor and the catalyst. The 
catalyst-precursor system must melt into a uniform nanodroplet at the reaction temperature. Under 
these circumstances the vapor-liquid-solid mechanism (VLS) can be activated. The VLS mechanism has 
become the most widely accepted model to describe the growth process of one-dimensional 
nanostructures in CVD experiment.147 Figure 2.2 shows a schematic to illustrate the key steps occurring 
during the VLS mechanism. Essentially, precursor molecules are adsorbed by the catalyst nanodroplets as 
they are carried onto the substrate. In most of the cases the precursor particles are compound molecules 
that decompose in the surface of the catalyst to yield the feedstock material (the process can be 
accelerated by thermal cracking).  
 
Figure 2.2. VLS mechanism.  (a) Precursor particles are brought near the molten catalyst nanodroplet by 
the carrier gas. (b) Some of the precursor particles get adsorbed on the nanodroplet. (c) The precursor 
might suffer chemical changes through dissociative reactions or thermal cracking transforming it into 
usable feedstock material. (d) The feedstock material diffuses superficially as well as through the 





supersaturation leads to solidification, thus creating the seed of a nanowire that continues to grow for as 
long as more feedstock is supplied and the elevated temperature is maintained. 
The decomposition reactions produce a binary melt in which the useful feedstock diffuses on the 
molten catalyst. More precursor material arrives onto the nanodroplet and it diffuses over its surface as 
well as within it. Eventually supersaturation occurs in a certain region of the droplet, generally, at the 
interface between the droplet and the substrate. The accumulated feedstock solidifies in the 
supersaturated region.  The diameter of the solid phase is restricted by the diameter of the 
nanodroplet/susbtrate contact area. The length of the solid phase increases as more material 
supersaturates and solidifies giving rise to a nanowire or nanotube. As the process continues the molten 
nanodroplet is gradually lifted up from the substrate as the nanowire/nanotube keeps on growing at its 
base (tip growth mode). After supersaturation has occurred the growth reaction is self-sustained, as long 
as the eutectic temperature is maintained and there is a continuous supply of precursor material. There is 
also the possibility that the nanodroplet remains sitting on the substrate due to strong interfacial 
adhesion forces. Supersaturation takes place on the exposed surface of the nanodroplet and the solid 
nanowire/nanotube grows upwards rooted on the nanodroplet (base growth mode).148 
 
Figure 2.3. VSS mechanism. Essentially all the steps observed in the VLS mechanism also apply to describe 
the VSS mechanism with the exception of (e) where the feedstock material is almost exclusively limited to 
diffuse superficially over the solid catalyst nanoparticle.   
There is a second growth mechanism in which the growth process occurs entirely below the 
eutectic point. The catalyst nanoparticle never melts entirely and instead remains largely solid throughout 
the CVD process. This is the so-called VSS mechanism (the “S” signifies that the catalyst remains solid). 
The process is illustrated in figure 2.3. The sequence of events in the VSS mechanism is essentially the 
same as in the VLS process, with the important distinction that superficial diffusion dominates over bulk 





10 to 100 times slower than the VLS mechanism mainly due to the lowered diffusion rate of feedstock 
material and the reduced surface reactivity of the catalyst.144, 149  
2.1.3. Catalyst-free growth mechanisms. 
It is also possible to grow one-dimensional nanostructures through catalyst-free CVD techniques. 
However, the catalyst-free methods are comparably less common than catalyst-assisted procedures.  
At times, a certain CVD procedure can be labeled as self-catalytic. In these methods the catalyst 
material is not directly introduced in the reaction chamber, instead, it spontaneously forms as the 
precursor suffers a chemical change.150  A metallic catalyst nanodroplet and feedstock material are 
produced simultaneously as byproducts of the decomposition of a certain precursor material, from then 
on the growth of the nanowires proceeds via the VLS mechanism. 
There is another set of catalyst-free growth processes that are generically labeled as vapor-solid 
(VS) mechanisms. These processes need the melting of at least part of the precursor materials to form 
liquid droplets; however, since the metallic catalyst is absent no eutectic alloy is ever formed. Instead, the 
molten precursors interact with components such as the gases flown into the chamber or irregularities 
such as “step edges” of the substrate to nucleate seeds from which the growth reaction proceeds.151  
A different kind of catalyst-free growth process exists that can be broadly described as a global 
restructuration of an initially homogeneous structure. For example, the substrate itself can be 
topologically transformed after interacting with the precursor material carried onto it in a CVD 
experiment. The result of the topological transformation can be the formation of dense mats of 
nanowires covering large areas of the substrate. The chemical composition of the substrate itself might 
be changed during the process. The synthesis of CVD grown Al5BO9 nanowires reported in this thesis work 
belongs to this variety of catalyst-free synthesis process. Further details of this process, its results and 
interpretation are discussed in Chapter 3.  
2.1.4. Laser ablation. 
Laser ablation is another widely used technique to synthesize one-dimensional nanostructures. A 
typical laser ablation setup is displayed in figure 2.4. Briefly, during a laser ablation experiment a solid 





in pulsed mode, thus, the energy is delivered to the target in a fast succession of pulses. The total energy 
deposited per pulse depends on the pulse duration and the laser’s frequency but it needs to be high 
enough so as to sublime material from the target. The sublimed material forms a gaseous cloud (plume) 
extending near the vicinity of the irradiated spot. The temperature around the target is held high by a 
furnace.  The high temperature prevents the fast collapse of the gaseous plume giving enough time for 
the vapors to react and form the intended nanostructures. In many cases a small fraction of the target is 
made of a transition metal in order to have a floating catalyst system within the plume. Growth of the 
nanostructures occurs through the VLS mechanism inside the plume. The nanostructures are then 
transported onto the cold finger by a carrier gas; their growth subsides as they leave the vicinity of the 
hot plume. The finished nanostructures are collected from the surface of the cold finger by gently 
scrapping them off.  
 
Figure 2.4. Laser ablation setup. Schematic drawing of the laser ablation setup used for the experiments in 
this work. The most important components are explicitly labeled.  
 Laser ablation experiments were indeed performed in this work; however, they were not 
intended for the production of one-dimensional or any other kind of nanostructures. The laser ablation 
setup was employed to produce the precursor material necessary for the in-situ synthesis of B/BOX and 
Al5BO9 nanowires that was carried out fully inside the TEM. The precursor materials consist on micron-
sized particles with an amorphous atomic structure (their synthesis procedure is explained in the next 
chapter).  
The following 2 sections deal with basic aspects of transmission electron microscopy and some 





protocols for the in-situ electron beam-induced synthesis of B/BOX and Al5BO9 nanowires as well as the 
interpretations of the experimental results. 
2.2. Relevant aspects of transmission electron microscopy. 
2.2.1. Resolution power. 
The most obvious advantage of working with an electron microscope over a light-based 
microscope is that the former has a much higher resolution power due to the smaller de Broglie 
wavelength of the electrons in comparison with the wavelength of visible photons.  
Electrons in a TEM are extracted from an electron gun (such as a LaB6 filament) in high-vacuum 
conditions by thermionic means or field-induced emission. After emission, the electron beam is 
accelerated by a potential that is typically between 80 and 300 kV as it is injected into the column of the 
microscope. The beam is collimated and condensed before reaching the specimen. 
One can estimate the minimum spatial distance that 80 kV electrons are able to resolve according 
to the simple formula NAl /61.0 λ=∆ where λ  is the de Broglie wavelength of the electron ( hp /=λ  
where p is the linear momentum and h  is Planck’s constant) and NA  is the numerical aperture of the 
microscope. Computing l∆  from a classical approach ( mvp = where m  and v  are the mass and 
velocity of the electron respectively) one concludes that the lateral resolution power of a 80 kV electron 
beam is in the sub-angstrom level, i.e. able to resolve individual atoms (electrons accelerated by higher 
voltages have a correspondingly a higher resolution power). However, this is not attainable in practice 
because this simplified calculation neglects the effects of optical aberrations that diminish the resolution 
power.152 
2.2.2. Optical aberrations. 
 In a perfect TEM all electrons emitted at a certain point P should converge into focus at a 
conjugate point P’ in the focal plane. However, the fact that every lens system comes with some built-in 
imperfections and that the electron source does not produce a beam composed by electrons with exactly 
the same energy (monochromatic beam) introduces different types of optical aberrations. The lenses of a 
TEM are composed by coils carrying carefully-tuned electrical currents. The currents produce magnetic 





an external electric field the Lorentz force is given by )( BveF ×= where e is the charge of the electron, 
v  is its velocity vector and B is the magnetic field generated by the coil. If the magnetic field is not 
perfectly symmetric through the coil, then, a spherical aberration SC  will arise from the accentuated 
refraction of electrons crossing near the edges of the coil lens. SC  significantly reduces the point 
resolution of a TEM which is given by 4/34/1 λSC≈ .153  Systems able to correct for SC adding two magnetic 
hexapoles and four additional magnetic lenses exist since 1998.154 By 2002 microscopes equipped with  
SC  correctors were able to reach sub-Angstrom resolution while working on Scanning TEM mode (STEM, 
more on this operation mode in the next subsection)155 however, the ability to resolve single atoms in 
TEM mode had to await for correction mechanisms for the so-called chromatic aberrations CC .  
CC  arise due to the fact that the beam is not perfectly monochromatic, i.e. the electrons making 
up the e-beam have slightly different kinetic energies, thus, they have different velocities v . The narrow 
distribution of velocities among the beam electrons gives rise to a distribution of magnitudes of the 
Lorentz forces exerted upon them instead of having a single force with well-defined magnitude acting 
upon every electron individually. As a consequence the electrons are deflected at different angles and 
converge upon slightly different focal planes. E-beam monochromators for TEMs became available as 
recently as 2008 (although they were developed for an SEM back in 1995),156 TEMs equipped with 
hardware to correct both, SC and CC , appeared until 2008
157, 158 making it possible to resolve single 
atoms. 
2.2.3. Image formation and electron diffraction. 
TEM images are formed by the beam electrons that traversed the specimen after being scattered 
by the electrostatic potential of the atoms within it. Ideal TEM specimens are thinner than ≈100 nm in 
order to minimize the fraction of trapped electrons as well as to prevent multiple scattering events that 
add chromatic aberrations effects. After traversing the specimen, the electrons are focused by the 
objective lens into an intermediate image plane before the projector lenses magnify the image that is 
projected onto the fluorescent screen. If the screen is lifted then the transmitted beam hits a CCD camera 
where an image is reconstructed from the pattern of the collected electrons. A schematic and simplified 






Figure 2.5. Schematic view of a TEM with its main components. 
The contrast observed in a TEM image forms due to different phenomena depending on the 
magnification being used and the imaging mode. In the “bright field (BF)” mode an aperture is put in the 
back focal plane of the objective lens, thus, allowing the undeflected beam to pass directly to the 
fluorescent screen or the camera. Contrast is then created by the scattering of electrons off from the 
optical axis until the point where they are blocked by the objective aperture and thus unable to 
contribute to the formation of the image. Thus, diffraction effects are essentially the single reason behind 
contrast formation; however, one can still classify “contrast formation” in various categories according to 
the information about the specimen that can be obtained from the diffraction events originating the 
contrast. 
 For instance, thick regions of the specimen or areas with heavier elements provoke stronger 
scattering and therefore appear darker in the TEM images. Image contrast coming from stronger 
scattering by heavy nuclei or thick regions is denominated “thickness contrast”. This type of contrast is 





obtained from thickness contrast is somewhat limited since thin areas with heavier elements can have 
essentially the same contrast as thicker areas made of lighter atoms.  
A second “type” of contrast formation is the so-called “diffraction contrast”. This kind of contrast 
arises due to wave-particle duality effects which are important for quantum particles such as electrons. 
The beam electrons form a “coherent” beam, however, the coherence of the beam can be disrupted as it 
traverses the specimen. If the beam electrons pass through a thin crystalline specimen, then, the 
coherence of the beam can be maintained and Bragg diffraction results. The strong Bragg scattering 
causes the crystalline regions to have a darker contrast in TEM images taken at low to moderate 
magnifications.  
At higher magnifications Bragg diffraction makes it possible to observe features of the crystalline 
lattice through “phase contrast” formation. The “exit wave” of the diffracted electrons is superimposed 
with the undisturbed wave creating an interference pattern onto the CCD camera that is then used to 
reconstruct the TEM image. The reconstruction of the image is done via a Fourier transformation that 
maps the spatial frequencies in the reciprocal space (1/nm) onto coordinates in real space (nm). 
However, in general one cannot interpret the final image as a direct representation of the specimen’s 
crystalline structure, the relationship between the image wave and the exit wave is determined by the so-
called “contrast transfer function” (CTF) which describes how much information about the phase of the 
exit wave maps onto the real space of the image wave. Thus, the CTF determines the contrast shifts 
observed in the final image as a function of the transferred spatial frequencies. Generally, the spherical 
aberrations and the defocus enter the CTF as part of the argument of a periodic function that modulates 
the contrast shifts in the final image. In uncorrected TEMs the aberration coefficient contributes to 
diffuse the contrast shifts, thus, damping the point resolution of the microscope. Chromatic aberrations 
and the aperture limit are decreasing envelope functions that cut-off the maximum spatial frequencies 
that can be reliably transferred by the CTF. After a certain spatial frequency value no more information 
about the phase can be transmitted by the CTF, this constitutes the “information limit” of the CTF. 
Aberration corrected microscopes can optimize the spherical aberration coefficient pushing the point 
resolution to higher spatial frequencies and make it coincide with the “information limit” of the CTF, 
therefore, maximizing the number of spatial frequencies that contribute to a measurable phase contrast 





It is possible to perform an inverse operation to obtain a pattern of the spatial frequencies of the 
reciprocal space from a high-resolution TEM image; however, the information about the phase of the exit 
wave is lost in the process. This process is known as a “Fast Fourier Transform” (FFT) and it is nevertheless 
useful to obtain information about d-spacings of the crystalline lattice and crystalline planes orientations 
from the final image. 
 The structure of the diffraction pattern itself can be understood in terms of the Bragg’s law: 
λθ nd =sin2 , where d is the interplanar distance between the crystalline planes made by the 
periodically arranged atoms in the specimen, θ  is the scattering angle, n is an integer larger than 1 and 
λ is the wavelength of the scattered electrons. Essentially, Bragg’s law determines the conditions under 
which constructive or destructive interference occurs after the wave functions of the diffracted electrons 
are superimposed in the back focal plane of the microscope. Constructive interference between two or 
more electron waves occurs when the travelled distance from their respective diffraction centers (atomic 
nuclei) to a single collection point in the back focal plane is equal to an integer number of wavelengths. 
Under this circumstance the phases of the wave functions coincide and the intensity of the collected 
signal is maximized resulting in a bright spot in the diffraction pattern. Destructive interference happens if 
this condition is not satisfied, which occurs over most points on the surface of the back focal plane, thus, 
the electron diffraction pattern is dominated by a dark background. Therefore electron diffraction 
analysis can be used as a tool for the identification of the crystalline structure of a specimen. It is possible 
to determine the lattice parameters, crystallographic planes and directions, observation zone axis by 
measuring the relative distances and angles between the spots in a diffraction pattern. On a more global 
scale, it is possible to determine if the structure is a single crystal in which case the pattern is made of 
sharp dots, a polycrystal, if the pattern is formed by concentric discs, or, an amorphous specimen where 
the pattern is completely diffused. 
It is possible to directly observe the diffraction pattern by inserting a CCD camera, however, it is 
important to introduce a beam blocker to stop the high intensity direct beam that can cause irreversible 
damage to the camera. Techniques such as “selected area electron diffraction (SAED)” can be 
implemented in order to study the features of the sample that originate a well-defined set of diffraction 
spots, or alternatively, that produce a group of diffracted beams along well-defined directions. In SAED 
only the selected diffracted beams (which are of much lower intensity than the direct beam) contribute 





and diffraction contrast of the low magnification TEM images, here, bright areas correspond to the 
scattering centers of the selected diffracted beams while the rest of the specimen appears dark.  
2.2.4. Scanning transmission electron microscope (STEM). 
Many modern TEMs can also operate in the so-called STEM mode in which the electron beam is 
condensed into a small nanometer-sized probe that can be used to scan specific areas of the specimen. In 
TEM mode the condenser lens ensures that the specimen is illuminated by a parallel beam while in STEM 
mode the objective lens is used to condense the beam into a highly focused probe. Beam deflectors are 
used to scan the specimen with the electron probe.  
There is an ample range of signals that are available for detection in STEM mode depending on 
which fraction of the transmitted beam is being analyzed. Most of the transmitted beam electrons are 
scattered at very low angles, i.e. they form part of the direct beam. These electrons make it directly to the 
disc-shaped bright field detector that lies on the microscope’s optical axis. If the probe is small enough, 
BF-STEM mode can generate images that are essentially equivalent to those obtained through high-
resolution BF-TEM. Weakly scattered electrons that suffer only a single scattering event and remain in the 
direct beam can be used to produce an electron energy loss spectrum (EELS) of the small illuminated 
region (more on EELS in the following subsection). The small probe size offers the possibility of carrying 
chemical analysis with a high spatial resolution; this same advantage can be used to perform local X-ray 
dispersive spectroscopy (EDS) studies of the specimen.  
Electrons that are more strongly scattered can be caught by a pair of concentric ring-shaped 
detectors situated around the BF detector: the annular dark field (ADF) detector and, with a larger 
diameter, the high-angle annular dark field (HAADF) detector.159 These detectors are able to collect 
strongly scattered electrons whose path has been significantly deflected from the optical axis. HAADF 
images are used to inspect the distribution of heavy elements throughout the sample as well as to obtain 
information about thickness variation. This is possible because the intensity of the stream of scattered 
electrons is proportional to the product 2tZ  where t  is the specimen’s thickness and Z the atomic 
number. Similarly to SAED images, HAADF images have an inverse contrast with respect to that of BF-TEM 
micrographs: massive objects are stronger electron scattering centers and therefore appear light gray or 
white depending on their thickness and composition. On the other hand thinner objects are darker and 






The basic principle behind EELS is simple. Beam electrons interact with the specimen and lose a 
fraction of their energy through inelastic interactions as they traverse the sample. An EELS spectrometer 
is able to detect the amount of energy lost through these interactions and yield an energy loss spectrum 
from it. However, the interpretation of an EELS spectrum is far from simple since there is a wide range of 
possible interactions that are associated with characteristic inelastic scattering events. At the lower end 
of energy loss values, EELS spectra show an elevated peak with a long gradually descending trail. This 
peak is due to electron-plasmon interaction coming from collective electron oscillations that are excited 
by energies that are typically lower than 40 eV. On the other hand, inelastic scattering from collisions with 
inner-shell electrons produces high peaks with a gradually descending tail. The energy losses associated 
with these peaks are related to ionizations of core electrons and are termed “ionization edges” and they 
are named according to the element and the core-shell excitation that originates them (C-K edge for the 
carbon K edge ionizations, for example). The energy losses at which the edges appear are characteristic of 
each element and of their chemical environment. It is possible to determine the oxidation state and 
coordination number of a certain atom by carefully analyzing the fine structure of the ionization edges.160 
2.2.6. Energy-filtered TEM (EFTEM). 
 Electrons transmitted through the sample lose a certain fraction of their kinetic energy. 
Therefore, the transmitted beam is made up of electrons with a range of different kinetic energies (same 
principle of EELS). These electrons can then be deflected by a magnetic prism. The deflection angle 
depends on the kinetic energy of the electron because the magnitude of the Lorentz force acting on each 
separate electron depends on its velocity. Thus the transmitted electron is not only deflected but also 
spread. By placing a slit after the magnetic prism it is possible to filter in a stream of electrons deflected 
at a selected angle, i.e. with a certain kinetic energy. These electrons can be used to form an image of the 
sample that highlights the points in the specimen where the inelastic scattering took place.  If the sample 
is sufficiently thin, then there is a high probability that the energy lost by an electron is due to a single 
inelastic scattering event with an atom of the specimen. Therefore, if one knows the characteristic core-
loss energy associated with each chemical element, it is possible to determine the chemical composition 






2.3. Electron-beam induced transformations of specimens. 
This section deals with beam-induced processes that transform specimens through several basic 
interactions occurring simultaneously or in succession.  
2.3.1. The Knotek-Feibleman mechanism and oxide reduction. 
It has been observed that 1 kV electrons are able to stimulate atomic desorption in irradiated, 
despite the fact that 1 kV is a primary energy too low to achieve an energy transfer above the sputtering 
(removal of atoms through transfer of kinetic energy between an electron and a nucleus) threshold of any 
element. Furthermore, it has been observed that the charge of the desorbed ion changes with respect to 
its charge when bonded to the specimen. Atoms like fluorine and oxygen that are usually bonded as F-  
and O2- respectively are detected as F+ and O+ when they are desorbed from their specimens.161 M. L. 
Knotek and P. J. Feibelman proposed a pathway (known as the Knotek-Feibleman mechanism or K-F 
mechanism for short) to explain these experimental observations.162 The K-F mechanism describes a 
cascade of events triggered by a single beam electron interacting with an electron bound to a core shell 
of an atom in the specimen. Let us use the case of a TiO2 specimen irradiated by an electron beam to 
illustrate the workings the K-F process (See figure 2.6). A beam electron collides with and ejects an 
electron orbiting the 3p level of the Ti4+ cation (conduction band) at the onset of the process. The 
interaction further ionizes the Ti cation and a vacancy site is created in its K shell. An Auger process is the 
most likely vacancy-filling mechanism in this case;163 this means that an electron from the O2- valence 
band comes to fill in the vacancy in the Ti cation and emits a photon that is subsequently re-absorbed by 
one or even two electrons (shake-off process)164 in the oxygen’s valence band which are then emitted as 
Auger electrons.  
 





As a result of this process the charge of the Ti ion remains unchanged; however, the initial O2- has 
changed into either a neutral O0 or a O+ ion depending on whether one or two Auger electrons have been 
emitted. Both of the species are prone to desorption. In the case of the O+ ion the desorption process 
might be enhanced by the local repulsive potential created by the neighboring Ti4+ cations (Madelung 
potential). If the O+ ion is created deeper within the specimen there is a high chance that it gets 
neutralized (in which case it diffuses within the lattice and eventually gets desorbed) or even bonded in 
an interstitial site as it interacts with other electrons trapped in the lattice.  
Reduction and desorption events occurring through the K-F mechanism in TEM specimens have 
been well-documented in a variety of oxides.165 – 170  Alkali-halides such as LiF and KCl are also susceptible 
to experience desorption of the halogen atom.162 
 Therefore, as long as the electron beam has energy higher than that of the K shell electrons of 
the metallic (in oxides) or alkaline (in alkali-halides) ions (as it is the case in TEM studies), one can expect 
mass getting lost from the specimen through the K-F mechanism.  
2.3.2. Beam-induced crystallization. 
Local and even global crystallization of initially amorphous TEM specimens has been routinely 
observed and thoroughly documented. At times the crystallization phenomenon is restricted to at least a 
portion of the area illuminated by the e-beam.171 - 177 In other occasions the crystallized areas extend well 
beyond the confines of the electron probe.178 - 180 The crystallization mechanisms can be divided into two 
types: thermally-induced via beam-induced heating179 – 185 and athermal processes based on atomic 
displacements and other mechanisms.185 – 192 Qin et al. put forward a detailed crystallization athermal 
mechanism based on the interplay of two factors: defect generation and atomic rearrangement, in that 
order.176, 177   
The rearrangement process can be facilitated if the electron beam generates free-volume within 
the specimen through processes such as electron stimulated desorption (such as that occurring through 
the K-F mechanism). The larger the amount of free-generated volume, the more the atomic mobility is 






Figure 2.7. Energy distribution in e-beam-induced crystallization. 
 Qin et al. propose that the energy injected by the beam nE∆  into an initially amorphous 
specimen can trigger a chain reaction that leads it to land in a more stable crystalline configuration with a 
lower internal energy. nE∆  is redistributed into two parts: a fraction stoE∆ goes into generating point 
defects that overall enhance atomic disorder, another fraction disE∆ is dissipated into the environment 
as soon as the specimen’s atoms rearrange into a more energetically favored structure. As atomic 
rearrangement occurs, the specimen is temporarily in a thermodynamically unstable “stimulated state” 
that quickly decays releasing a total amount of energy rE∆  once the rearrangement is completed. The 
term reaE∆ accounts for the energy difference between the initial amorphous state and the final low-
energy crystalline configuration. (The process is shown schematically in figure 2.7). 
2.3.3. Charging. 
Charging effects are especially relevant whenever the TEM specimen is an insulating material. 
Insulators are unable to canalize away excess charges, as a consequence charge accumulation takes 
place. If charge accumulation builds up beyond a certain threshold the insulator’s structure might 
become compromised. Perhaps the easiest way to track the accumulation rate of charge in the irradiated 
volume of the specimen is by considering the following charge balance equation194 (A more detailed 
evaluation of equation (1) can be found in Appendix A): 
dt
dQ





Electron currents entering the irradiated volume are found on the left hand side of equation (1) 
while currents leaving the irradiated volume are on the right hand side. 0I is the current of the main 
beam, SI are the electrons from the regions surrounding the illuminated volume that flow into it, TI
	represents the transmitted beam, EI is made of the electrons produced by the beam-specimen 
interactions that escape the irradiated region, +I accounts for ionized nuclei escaping  the irradiated 
volume and dtdQ  is the change rate of the total charge contained in the irradiated volume. The 
currents and charges expressed in equation (1) are represented pictorially in Figure 2.8 (a). 
Equation (1) can be simplified. Assuming that the specimen is a good insulator, we have SI ≈ 0. If 
the specimen is sufficiently thin then the amount of trapped beam electrons is negligible, 0I  ≈ TI . Finally, 
the positively charge ions generated by ionization events are much heavier than electrons and thus less 
likely to escape the irradiated volume +I ≈ 0. Equation (1) becomes simply: 
EIdt
dQ ≈     (2) 
The rate at which charge accumulates within the irradiated volume depends more heavily on the 
produced and subsequently emitted electrons EI . The majority of electrons composing EI are: secondary 
electrons, ionized core electrons and Auger electrons. Secondary electrons are produced when a beam 
electron interacts with a bound electron transferring an energy higher than its ionization potential. Most 
secondaries have kinetic energies of around 10 eV, thus, only those generated near the surface have 
good chances to leave the specimen.194, 195 The Auger and ionized core electrons have kinetic energies of 
hundreds of eV, therefore, they are able to escape the irradiated volume even after being scattered 
multiple times. However, Auger electrons easily outnumber excited core electrons since they are typically 
emitted in cascades. In conclusion, the charge accumulation rate in the irradiated volume dtdQ  is 
largely dominated by the emitted Auger current AESI , this is: AESE II ≈ . The key point is that, since 
multiple Auger electrons are produced by a single ionization event, a net positive charge starts to build up 
within the irradiated volume. Materials like oxides are prone to suffer significant charging since many 






Figure 2.8. Charging of an irradiated TEM specimen. (a) Schematic drawing of the currents coming into and 
leaving the irradiated volume of a thin TEM specimen. (b) Electric fields of the superficial charged discs of 
a thicker TEM specimen irradiated with a condensed e-beam. 
If the beam is condensed into a small probe and if the specimen has a thickness of some 
hundreds of nanometers then the beam electrons spread considerably due to scattering as they traverse 
it. In this case, the positively charged regions resemble thin discs at the top and bottom cross sections of 
the illuminated cone (Figure 2.8 (b)). An electric field is generated as a consequence of the charge 
accumulation, the radial field components extend outwards from the disc’s rim through the superficial 
layers of the specimen. The electric field’s magnitude grows until it surpasses the dielectric field strength 
of the specimen. At this point the specimen’s structure is disrupted and a cascade of positive ions is 
emitted from the charged discs in order to restore electrostatic equilibrium.194, 196 
2.4. Synthesis protocols. 
In this section the different protocols that have been applied to produce Al5BO9 and B/BOX 
nanowires as well as BOX nanotubes are described in detail.  
2.4.1. CVD protocol for the production of Al5BO9 nanowires. 
The steps involved in a typical CVD experiment were already laid out in section 2.1, therefore, 
here we focus on the particularities of the protocol implemented for the synthesis of Al5BO9 nanowires.  
N2 was chosen as the carrier gas for the precursor since it is mostly inert within the range of 
selected reaction temperatures. The precursor and substrates are placed inside a pair of alumina 





mixture of amorphous B and B2O3 powders in a 4:3 weight ratio. A squared sapphire wafer (around 7 mm 
of lateral length) is used as substrate. In order to study the effect of the addition of a catalyst material, 
Fe3O4 nanoparticles could be deposited on the exposed surface of the substrates. 
The sapphire substrates were used in four different variations. First, either of the surfaces of the 
clean sapphire substrates could be facing up during a certain experiment, i.e. either the polished surface 
up or the rougher backside up. Second, Fe3O4 nanoparticles could be deposited on either face of the 
substrate following a simple procedure: the particles were dispersed in ethanol and sonicated for 30 
minutes; afterwards, a drop of the suspension was left to dry upon the exposed side of the wafer in 
ambient conditions. Thus, the four possible types of substrates are: polished/clean, unpolished/clean, 
polished/nanoparticles, unpolished/nanoparticles. 
 All experiments shared an initial pre-heating stage that consists of subjecting the precursor and 
substrate crucibles to a temperature of 400 °C for 30 minutes during which the precursor B/B2O3 mix can 
homogenize (B2O3 melting point ≈ 450 °C). After the pre-heating stage is completed the oven is set to a 
desired reaction temperature that could be of 700 °C, 900 °C or 1100 °C. The N2 flow was set at 350 sccm 
from the moment that the temperature starts to ramp up. The reaction temperature was maintained for 
3 hours (reaction time) during which the N2 flow was kept steady. After the reaction time was completed 
the furnace temperature was set back to room temperature and the setup was left to cool down under a 
N2 flow of 0.5 sccm. Once the system reached room temperature the sapphire wafer was extracted in 
order to examine the Al5BO9 nanowires products grown on its surface. 
2.4.2 Precursor production for B/BOX, Al5BO9 nanowires and BOX nanotubes. 
The B/BOX, Al5BO9 nanowires and BOX nanotubes grow out of micron-sized particles that are 
produced from solid pellets subjected to a laser ablation process. The pellets are produced as follows: 
Pellets for B/BOX nanowires and BOX nanotubes: A mix of amorphous B powder and Au 
nanopowder with atomic percentages of 99.5 % and 0.5 % respectively are grounded (total mass of 600 
mg) and then dry-compressed at 0.15 GPa under ambient conditions.  
Pellets for Al5BO9 nanowires: A mix of B2O3 and Al2O3 powders with atomic percentages of 90 % 





conditions. Viable precursor microparticles can also be obtained after increasing the Al2O3 powder 
content in the pellets to around 20 %.  
In both cases the final products are solid pellets with a thickness of around 3 mm and a circular 
cross-section with a diameter of 13 mm. The pellets described were ablated with a Q-switched Nd:YAG 
pulsed laser (wavelength of 1064 nm, frequency of 10 Hz, pulse width of 8 ns, pulse energy 2.5 GW) was 
used for the ablation for no more than 4 minutes. Ar was used as the carrier gas flowing at a rate of 1 
LPM throughout all experiments. 
The precursor microparticles that are produced in each ablation are collected by carefully 
scrapping them off from the cold finger and letting them fall over a plastic petri dish. Enough precursor 
material for Al5BO9 nanowires can be obtained from ablation runs on B2O3/Al2O3 pellets performed at 
room temperature (the furnace remains switched off). On the other hand the B/Au pellets had to be 
ablated at 1450 °C in order to collect sufficient amounts of precursor material. Adding B2O3 to the pellets 
to replace some of the pure B content can help in reducing the reaction temperature necessary to 
produce enough precursor ashes.  
The transfer of the precursor microparticles onto the TEM grids was done by direct contact. The 
TEM grids are held with metallic tweezers and gently smeared over the ashes lying on their plastic petri 
dish containers. Direct transfer has the advantage of minimizing contamination or chemical modification 
of the specimen. The grids used for the experiments are typically Cu grids with lacey carbon (400 mesh, 
Plano GmbH).  
Once inside the TEM, the protocols implemented to produce either B/BOX or Al5BO9 nanowires 
share several commonalities. The sequence of e-beam manipulations in both cases is similar although 
there are some important distinctions. 
 All experiments inside the TEM were performed at room temperature, i.e. no cryo- or heating 
stage was used, instead, a simple single-tilt holder was employed throughout all the experiments. Both 
kinds of nanowires can be successfully produced using electrons accelerated by potentials of either 80 kV 
or 300 kV without implementing major adaptations of the synthesis protocols. The precursor 
microparticles are relatively stable at low current densities. Thus, the current density is kept low (well-





2.4.3. Protocol for the synthesis and growth of B/BOX nanowires and BOX nanotubes. 
Two different microscopes were used in the experiments to produce B/BOX nanowires and BOX 
nanotubes: a modified JEOL 2010F retrofitted with two CEOS third-order spherical aberration correctors 
for the objective lens (CETCOR) and a condenser system (CESCOR), and, a FEI-Tecnai F30. The former was 
always operated at 80 kV while the latter was used at 300 kV. 
 
Figure 2.9. Steps of the In-situ synthesis protocol for B/BOX nanowires. (a) The precursor remains essentially 
undisturbed under a well-spread electron beam. (b) Small bubbles appear within the precursor’s BOX 
matrix as the e-beam is condensed. The composite gains some volume. (c) The precursor collapses and the 
Au nanoparticles move towards the edges as the precursor collapses. (d) The nanowires protrude and keep 
on growing as long as a beam with a sufficiently high current density irradiates the precursor. The growth 
process stops as soon as the beam is spread.   
The most relevant steps of synthesis protocol are depicted in figure 2.9. At low current density 
the microparticles remain relatively undisturbed by the irradiation and they can be quickly characterized 
in their initial state. The precursor microparticles are composites in which numerous Au nanoparticles are 
embedded within a BOX amorphous matrix. If one decreases the electron beam diameter (higher current 





beam diameter is decreased further the bubbles burst and the microparticle collapses losing some 
volume. In the process many Au nanoparticles move towards the precursor’s surface. To instigate the 
growth of B/BOX nanowires out of these partially exposed Au nanoparticles one simply has to reduce the 
beam diameter down to a probe with a cross-sectional area of around 4000 nm2 (current density ca. 2.5 x 
102 A/cm2) and use it to irradiate the precursor for a period of time that is typically longer than 10 sec. 
Numerous free-standing nanowires nucleate and protrude from the composite during this condensed 
irradiation period (each nanowire has an Au nanoparticle at the tip). The growth stops as soon as the 
beam is spread (current density rapidly decreases). With the beam spread it is possible to image the 
nanowires in order to estimate their length. The growth of the nanowires can be resumed simply by 
irradiating the precursor with the highly condensed beam once again. The growth of the nanowires can 
be tracked by performing cycles of condensing the e-beam (growth happens) and then expanding it 
(growth stops) to make imaging possible.  
Some of the nanowires can be gradually transformed into BOX nanotubes. The best strategy to 
initiate the nanotube formation process is to irradiate the precursor with the condensed probe for 
periods of maximum 10 seconds once the precursor becomes significantly depleted of feedstock material 
(explained in more detail in chapter 4). The Au nanoparticles gradually vaporize the solid B core of the 
nanowires leaving the outer BOX shell essentially intact. As in the case of nanowire growth, the 
nanoparticles stop their activity as soon as the e-beam is spread. 
2.4.4. Protocol for the synthesis and growth of Al5BO9 nanowires. 
A FEI-Tecnai F30 TEM operated at 300 kV was employed for the synthesis procedure. The 
relevant steps in the protocol for the fabrication of Al5BO9 nanowires are shown in figure 2.10. The 
precursors are homogeneous (a uniform contrast is observed in the TEM micrographs) and amorphous 
microparticles that remain relatively stable when they are irradiated with a low current density (< 6 x 10-6 
A/cm2). When the current density is increased by reducing the beam diameter, the precursor undergoes a 
global transformation. A large number of NWs rapidly nucleate/grow and appear protruding from the 
precursor’s edges. This transition can be triggered at current densities as low as 2 x 10-4 A/cm2. The 
nucleation occurs almost instantaneously if the current density is rapidly increased. On the other hand, 
the nucleation process can be slowed down by gently increasing the current density at an approximately 
low rate of 8 x 10-6 A/cm2·s. At this rate it is possible to catch glimpses of the nucleation process by, for 





on some of the nucleated Al5BO9 nanowires simply by reducing the beam diameter until one attains a 
probe with a diameter of around 100 nm (≈ 175 A/cm2) and placing it over the precursor for period of 
time that is usually longer than 10 sec. In contrast to the case of B/BOX nanowires, only Al5BO9 nanowires 
that by chance happen to be lying on top of the lacey C film show a sizeable extended growth while the 
precursor is irradiated by a condensed beam. Just as in the case of B/BOX nanowires, all growth ceases as 
soon as the electron beam is spread out. Cycles of condensed irradiation (growth) punctuated by well-
spread beam (no growth) allow us to track the gradual length increment of the supported nanowires. The 
precursor is gradually depleted of feedstock material as the total condensed irradiation time increases. 
 
Figure 2.10. Steps of the In-situ synthesis protocol for Al5BO9 nanowires. (a) The smooth precursor remains 
undisturbed under the low current density irradiation. (b) The specimen transforms almost instantaneously 
when the beam diameter is decreased. A large number of nanowires nucleate and point outwards in all 
directions from the precursor. (c) Speeding up the reduction of the beam diameter illuminating the 






2.5. Characterization & analysis tools. 
One can identify at least four kinds of characterization/analysis studies to be carried out on the 
products and/or the experimental data in order to answer the following four basic questions:  
1) What is the nanowires composition?  
2) What is their atomic structure?  
3) What is their morphology (length, diameter, etc.)?  
4) How do the nanowires nucleate/form and grow?  
Matters related to the first question can be answered by spectroscopic studies such as EDS and 
EELS. High magnification/high resolution images in addition to diffraction pattern analysis (or FFT patterns 
obtained through image analysis) and X-ray diffraction studies can be summoned to answer question 2). 
Lower magnification SEM images and mid-range magnification TEM images can be used to address 
question 3).  The fourth question can be answered by methods such as direct observation of the synthesis 
sequence, recording movies of some parts of the process and/or performing measurements of sequential 
images (to estimate a growth rate, for example). 
 
2.5.1. Spectroscopic studies. 
All the EDS, EELS and energy-filtered TEM studies carried out in this work were performed with 
the tools available inside three different TEMs. EDS analysis was performed in both of the microscopes 
described on the JEOL 2010F and the Tecnai F30 machines. EELS and EFTEM analysis of the in-situ 
produced B/BOX nanowires, BOX nanotubes and Al5BO9 nanowires were carried out in the Tecnai F30 
TEM. Finally, EELS and EFTEM of the CVD-grown Al5BO9 nanowires took place in a FEI Titan 80 – 300 TEM. 
The operation voltage in all cases was of 300 kV. 
EDS is able to identify the elements present on a given sample by measuring the energies of the 
characteristic X-rays emitted from the atoms within it. Characteristic X-rays are emitted when a beam 
electron transfers energy to an atomic electron in a low energy inner shell (K shell for instance) promoting 
it up to a higher energy shell (or its ejecting it into the vacuum). This can happen as long as the 





final one. The vacancy that is left is filled by an electron of a higher energy state (from L or M shells). The 
vacancy filling process is accompanied by the emission of an X-ray with a well-defined energy that is equal 
to the energy difference between the atomic levels involved in the process. The energy of the 
characteristic X-ray can be used to identify the element responsible for its emission since the distribution 
of the atomic energy levels is distinctive of each element.  
Since all of the obtained nanostructures contain boron, spectroscopic techniques such as EELS are 
favored over EDS in order to identify this element. The reason is that EELS has a much higher sensitivity to 
mall amounts of low-weight elements in comparison to EDS. Nevertheless, EDS proved to be sufficiently 
sensitive in measuring the changes in the relative amount of B to O in the precursor microparticles for 
B/BOX nanowires as the condensed irradiation time progressed; this might be because the sampling 
volume is much bigger in the precursor particle due to its larger dimensions compared to the thinner 
nanowires. EDS could also be used to determine if further oxidation on the surface of the B/BOX 
nanowires had taken place over the time of storage simply by looking at possible increment on the O 
content relative to B.  
Local EELS studies performed in STEM mode was used to determine the composition of the for 
B/BOX and Al5BO9 nanowires. The nanometer-sized probe available in STEM mode was used to perform 
longitudinal and transversal line scans as well as sampling of small predetermined regions on individual 
nanowires. EFTEM studies were used to obtain elemental maps of individual B/BOX and Al5BO9 nanowires 
as well as BOX nanotubes.  
2.5.2. SEM and TEM imaging. 
The JEOL 2010F and the Tecnai F30 TEM microscopes were used to image the in-situ grown B/BOX 
nanowires, BOX nanotubes and Al5BO9 nanowires. Additionally a JEOL-JSM6510 scanning electron 
microscope (SEM) was used for imaging the CVD-grown Al5BO9 nanowires.  
The lower magnification images obtained by SEM observations of the wafers covered by CVD-
grown Al5BO9 nanowires helped to estimate and compare the yields obtained after changing either the 
experimental parameters or the substrate selection. The cross-sections of several grown Al5BO9 





cross-sections of the nanowires, a task that is remarkably harder to achieve in the TEM. TEM imaging was 
useful as a tool to measure the diameter of individual nanowires. 
High-magnification TEM imaging was instrumental for studying the crystalline atomic structure of 
the Al5BO9 regardless of their synthesis procedure.  
Analysis and measurements extracted from sequential TEM images was fundamental for 
determining and understanding crucial aspects of the in-situ growth mechanism of B/BOX and Al5BO9 
nanowires. For instance, by measuring the length of individual nanowires at different growth stages and 
knowing the irradiation time between both stages one can estimate their growth rate. Careful 
observations of the morphology of Au nanoparticles at the tips of the B/BOX nanowires can tell us 
important information about their catalytic activity. All of these types of analysis will be explained in detail 
in the results chapters. 
2.5.3. X-ray, electron diffraction and fast Fourier transform pattern analysis. 
Diffraction patterns of the formation stages of the in-situ produced Al5BO9 nanowires were 
obtained in the FEI-Tecnai F30 TEM. 
FFT patterns were extracted from the high magnification TEM images of Al5BO9 nanowires (CVD 
and in-situ produced) and were fundamental to determine their crystalline structure and the correct 
stoichiometric relation of their elemental components. The software employed for this kind of analysis 
was Digital Micrograph ™ developed by Gatan. 
X-ray diffraction studies on the Al5BO9 nanowires produced via CVD was performed using a Rigaku 
miniflex diffractometer. Whole sapphire wafers covered with Al5BO9 nanowires were introduced in the 
diffractometer for XRD analysis, thus, the background signal of the sapphire wafer had to be disentangled 








3. Al5BO9 nanowires produced by CVD. 
This chapter is the first of three chapters dedicated to present and discuss the most important 
results stemming from the investigations carried out in this work. Thus, the structure of these three 
chapters is divided in two main parts: first, two or three subsections presenting a compilation of the 
experimental results, and second, a section dedicated to discuss and interpret the results in a 
comprehensive and cohesive manner.  
This first chapter of results focuses on the study of the synthesis of Al5BO9 nanowires via CVD 
following the protocol described in the subsection 2.4.1.  
3.1. Influence of experimental parameters and morphological 
characterization. 
The CVD experiments were performed in four different kinds of substrates. The sapphire wafers 
used as substrates were laid either with their polished side up or their backside surface facing up, and, 
with or without catalyst Fe3O4 nanoparticles deposited on their exposed surface. The experiments were 
carried out at three different reaction temperatures of 700 °C, 900 °C and 1100 °C on each type of 
substrate. The reaction temperature was held constant for 3 hours in every case.  
As it will be shown in short, the term “development” is more adequate than “growth” in order to 
describe the process through which the as-produced Al5BO9 nanowires are formed since. The yield and 
degree of development of the nanowires is affected by the selected combination of substrate/reaction 
temperature. The effects can be appreciated in Figure 3.1. The figure shows SEM micrographs comparing 
the yield (or absence) of nanowires on each kind of substrates. 
Important conclusions can be drawn by comparing the sets of micrographs in Figure 3.1. First, it is 
evident that the reaction temperature needs to be above 700 °C in order to trigger the formation process 
of the nanowires. At 900°C one can observe features such as superficial corrugations. The corrugations 





the nanowires. This reaction temperature threshold is observed irrespective of whether Fe3O4 
nanoparticles have been used or not.  
Second, the nanowires form through a kind of gradual and selective carving process that 
restructures large areas of the substrate´s surface. At 1100 °C the superficial corrugations become less 
common, instead, numerous individual nanowires can be seen in some of the substrates with varying 
degrees of development and coverage.  
Third, the degree of development as well as the yield of the nanowires (that can be estimated as 
the fraction of the substrate covered by dense mats of individual nanowires) tends to be larger on the 
backside faces. Generally, the highest yields are found in the backsides of substrates with Fe3O4 
nanoparticles at 1100 °C, however, sometimes it is possible to obtain large areas with densely packed 
nanowires in clean polished wafers treated, i.e. through a catalyst-free CVD process (see figure 3.2).  
Figure 3.1. Comparison of substrates with and without Fe3O4 nanoparticles at different reaction 
temperatures. Nanowire formation does not start at temperatures lower than 700 °C irrespective of the 
kind of substrate being used. At 900 °C ubiquitous corrugations appear on the surfaces of all substrates. 





Fully-developed nanowires can be observed in two types of substrates treated at 1100 °C, these substrates 
correspond to sapphire wafers with their clean backside-up or with Fe3O4 nanoparticles deposited on their 
backsides. Well-defined nanowires can hardly be found on wafers with their polished faces up regardless 
of whether catalyst Fe3O4 nanoparticles have been deposited on them. 
 
Figure 3.2. Catalyst-free synthesis of Al5BO9 nanowires produced by CVD. High yields of Al5BO9 nanowires 
can be obtained over the polished surface of clean sapphire wafers at 1100 °C.  Panel (a) demonstrates 
that regions at least as large as 0.2 mm
2
 can be fully covered with Al5BO9 nanowires. 
The effect of substrate/reaction temperature combination on the morphology of the nanowires 
was investigated in more detail by measuring the widths of individual nanowires on substrates treated at 
900 °C and 1100 °C. The results are summarized in table 3.1. At 900 °C the nanowires are generally found 
in an intermediate development stage, however, it is possible to measure the widths of well-defined 
parallel corrugations that are related to nanowires in an early stage of development. The mean width of 
the parallel corrugations is larger than the width of the fully developed nanowires. This, alongside the 
wide width range found in samples at 900 °C could suggest that the corrugations define places were 
groups of aligned nanowires will be carved out from a common monolith (see Figure 3.3(e) and 3.3(f)).  
Table 3.1. Width dependence on substrate selection and reaction temperature.  
 Backside Published side 


















Without Fe3O4 400 - 1500 1000 150 - 1600 550 450 - 4300 1600 450 - 3000 950 





The narrowest fully-developed nanowires are produced on the backside of clean sapphire wafers 
at 1100 °C as well as on polished substrates with Fe3O4 nanoparticles at the same temperature; however, 
the diameter distribution is narrower in the latter than in the former. 
The cross sections of individual nanowires can be observed in higher magnification SEM 
micrographs. Figure 3.3(a) and 3.3(b) show individual nanowires with a variety of polygonal cross sections 
such as triangular, square or rectangular. Panels (c) and (d) show structures that seem to have hollow 
cores. Panels (e) and (f) show groups of nanowires in an intermediate developmental stage. The 
nanowires are not yet fully separated; instead, they look like groups of nanowires partially joined by a 
connecting scaffold that is not yet carved out.  
 
3.2. Chemical and structural characterization. 
Spectroscopic analysis such as EDS, local EELS and EFTEM elemental maps were obtained to 
determine the chemical composition of the nanowires. EELS was particularly useful to confirm the 
content of B in the nanowires (see figure 3.4(a) and 3.4(b)). The oxygen and aluminum peaks are 
prominent in the EDS spectra of individual nanowires (see figure 3.4(c)). EDS and EELS spectra from 
nanowires synthesized in the presence of Fe3O4 nanoparticles were essentially indistinguishable from the 
spectra obtained from nanowires formed in clean wafers. The elemental maps obtained through EFTEM 
Figure 3.3. Cross sections of individual 
nanowires and other nanostructures. 
Panels (a) and( b) show several nanowires 
with squared, triangular and other 
polygonal cross-sections. (c) and( d) show 
hollowed nanostructures that resemble 
nanotubes, particularly the one shown in 
(c).( e) and( d) show groups of nanowires in 
the process of being “carved-out” from a 
monolithic structure in (e) and from a 





studies confirmed that the distribution of Al, B and O is uniform throughout the nanowires irrespective of 
the use or lack of catalyst material (see figure 3.5).  
 
Figure 3.4. Local EELS studies of individual Al5BO9 nanowires. (a) and (b) The B-K edge peaking at around 
180 eV is clearly observable in both cases, nanowires synthesized with and without Fe3O4 nanoparticles. (c) 
The EDS spectrum shows clearly distinguishable Al and O peaks. The B peak is dwarfed due to the inherent 
low sensitivity of the technique to small amounts of low-weight elements. 
 
Figure 3.5. Elemental maps of individual Al5BO9 nanowires. Al, B and O are uniformly distributed through 
the nanowires produced through catalyst-free as well as catalyst-assisted CVD. 
TEM microscopy studies were used to look at finer details of the morphology of individual 
nanowires (see figure 3.6(a) and 3.6(b)). Interestingly, no catalyst nanoparticles were found on the tips of 
any nanowires. This finding, or lack thereof, indicates that a mechanism other than VLS or VSS was 





side of rows (a) and (b) of figure 3.7 can be extracted from high-resolution images of the nanowires like 
those found in the middle of both rows. The FFT patterns can be correctly indexed by estimating the d-
spacings between crystalline planes from the distances between each pair of diametrically opposed 
diffraction spots and transforming them from 1/nm units (reciprocal space) into nm (real space). The 
relative orientations between planes can be obtained simply by measuring the angles subtended between 
pairs of diffraction spots. It was then determined that the predominant phase of the aluminium borate 
nanowires is Al5BO9 (which in older literature appears with the formula Al18B4O33).
122 A smaller fraction of 
the nanowires was determined to be made of the Al4B2O9 phase.  
 
Figure 3.6. TEM micrographs of Al5BO9 nanowires and analysis of their FFT patterns. Row (a) shows an 
Al5BO9 nanowire growing along the [111] direction while a Al4B2O9 nanowire with its main axis along the 
[001] direction is shown in row (b). 
Further characterization of the crystalline phase of the products comes from the analysis of XRD 
spectra (see figure 3.7). The presence of the Al4B2O9 phase is hard to determine since some of its 
characteristic peaks overlap with those of the more abundant Al5BO9 phase. For instance, Al4B2O9 has a 
small peak at 26.5° (green spectrum in figure 3.7) that coincides with the peak of Al5BO9 at 26.5°. In 
addition, Al5BO9 has a slightly higher peak at 27° (blue spectrum in figure 3.7). The relative intensity of the 
peaks at around 26.5° and 27° observed in the samples (black and reed spectrum) does not quite matches 
that of pure Al5BO9, in particular the shoulder at 26.5° is higher than the 27° peak in the wafers with Fe3O4 







the peak at 26.5° as well as contributions from the peak at around 26° coming from remnants of the 
sapphire (Al2O3) substrates. 
 
Figure 3.7. Comparison of XRD spectra of Al5BO9 nanowires produced with and without Fe3O4 nanoparticles 
with the reference spectra of Al5BO9, Al4B2O9 and Al2O3. Most of the peaks found in the Al5BO9 nanowires 
can be reconstructed by superimposing the peaks of the Al5BO9 and Al4B2O9 phases.  
3.3. Interpretation & discussion. 
The fact that Al5BO9 nanowires can grow on bare substrates is direct evidence that the growth 
process can occur in a catalyst-free environment. Furthermore, the lack of evidence of catalyst particles 
at the tips of the nanowires point highlights that role of catalyst Fe3O4 nanoparticles is not to promote 
growth through the traditional VLS or VSS mechanisms. Instead, figure 3.1 shows that the growth 
proceeds through a kind of global surface restructuring that takes place optimally at around 1100 °C. The 
restructuring seems to occur through a type of progressive carving where initial corrugations gradually 
break into individual nanowires. The formation can be appreciated in figure 3.5(e) where it is seen how a 
single monolithic structure is in the process of being carved into a group of parallel nanowires. In figure 





Furthermore, the fact that the nanowire development happens more readily on the rougher unpolished 
faces of the substrates suggests that structural defects such as terraces and cracks play an important role 
enhancing the growth process. 
The formation mechanism is more than a simple topological restructuration; in addition a 
chemical transformation takes place on the surface of the substrates in which the initial Al2O3 (sapphire) 
composition changes gradually into Al5BO9 (and a fraction of Al4B2O9). This kind of chemical transition 
indicates that boron is incorporated into the substrate changing its composition and its crystalline 
structure at least a superficial level. The boron atoms originate from chemical reactions taking place in 
the crucible containing the mix of B and B2O3 precursor powders. The elevated reaction temperature is 
high enough to melt the totality of the B2O3 (melting point around 450 °C). The molten B2O3 reacts with 
the additional B to produce B2O2 vapors that reach the substrate’s surface carried by the flow of Argon.  
Thus, the B2O2 molecules must either decompose at the substrate’s surface and lead to B to diffusion into 
the substrate (while is oxygen released) and/or B2O2 diffuses directly into the substrate and decomposes 
at a certain depth. Two factors facilitate the diffusion process of B atoms or B-rich species: the high 
reaction temperature and the existence of defects such as dislocations, nano- and micro-cracks through 
which the atoms or molecules can diffuse easily. Furthermore, the gradual formation of the Al5BO9 phase 
as diffusion occurs will produce a residual stress throughout the superficial layers of the substrate due to 
the mismatch between the thermal expansion coefficients of Al5BO9 and Al2O3.
197, 198 The expansion 
mismatch promotes bond breaking and formation of fractures that further facilitate the diffusion of B 
species. Put slightly differently, the nanowires formation takes place as a means to relieve the inherent 
stress building up on the substrate as its surface changes from Al2O3 into Al5BO9.  
The fact that the diameter of the nanowires reduces at 1100 °C in comparison to 900 °C fits well 
with the description above. Fracture formation is enhanced at higher temperatures and more fractures 
imply a higher number of nanowires crammed on a finite surface.  
In short, the presence of superficial defects accelerates and promotes the formation of Al5BO9 
nanowires. This is why the rougher backsides of the wafers show a more advanced degree of nanowire 
development and ultimately a higher yield than the smoother polished faces. The inclusion of Fe3O4 can 
further enhance the process by the same logic of promoting the proliferation of superficial defects. Iron 
oxide is highly soluble in Al2O3 and dislocations and cracks are prone to form as Fe3O4 diffuses deeper into 





Fe2B and FeB at 1407 °C and 1590 °C respectively.
200 Both of these temperatures are higher than the 
highest reaction temperature applied in the experiments, therefore, this might explain why there is no 
observable incorporation of Iron-boron compounds or alloys in the nanowires. However, this aspect 
needs to be studied further in order to give a sound conclusion.   
In summary, Al5BO9 nanowires can be obtained from CVD experiments on sapphire substrates 
through a catalyst-free route. The formation process is facilitated by the presence and subsequent 
formation of superficial structural defects on the surface of the substrates. The presence of defects 
enhances the diffusion of B species and the transition of the substrate’s composition from Al2O3 to Al5BO9. 


















4. In-situ TEM-manufactured B/BOX nanowires 
and BOX nanotubes. 
 
This chapter presents the most important experimental results obtained from the in-situ 
synthesis of coaxial B/BOX nanowires (inner B core coated with a BOX sheath) and BOX nanotubes inside 
the TEM. Subsequently, the results are interpreted and discussed in order to explain the physical 
mechanisms behind the growth processes behind both kinds of nanostructures. 
4.1. Morphological characterization. 
 The morphological characterization of the B/BOX nanowires and BOX nanotubes produced in-situ 
inside the TEM relied fully on the analysis of TEM micrographs taken during different stages of their 
growth. The study of these nanostructures in the SEM was not thoroughly pursued since the synthesis 
process as it is implemented until now is not designed to produce large amounts of these nanostructures. 
Only a single micron-sized precursor particle is treated at a time (see subsection 2.4.3.) yielding some 
dozens of nanowires in each synthesis round that can be directly counted in the TEM micrographs i.e. the 
larger field of view of the SEM does not offer many significant advantages in this case.  
 The maximum length of the as-produced B/BOX nanowires was of around 4.05 µm and their 
diameters can vary from under 10 nm up to slightly larger than 100 nm. Typically, nanowires with 
diameters below 15 nm are somewhat “curly” or crooked while those with diameters larger than 40 nm 
are mostly straight. The diameter of the nanowires closely matches that of the Au nanoparticles at their 
tip and it remains mostly uniform along their whole length.  
Some of the B/BOX nanowires could be turned into BOX nanotubes with lengths above 600 nm. 
The transformation from a nanowire into a nanotube could be induced in nanowires with diameters 






 Both, the B/BOX nanowires and BOX nanotubes are amorphous; this can be easily appreciated in 
the high magnification images in Figure 4.1. 
 
4.2. Growth dynamics and composition. 
 As it has been described in section 2.4.3, one can instigate further growth of the nanowires by 
condensing the electron beam and use it to irradiate the precursor particle in which they are rooted (see 
figure 4.2(a)). It is possible to track the growth of individual nanowires by performing cycles in which the 
electron beam is condensed over the precursor (current density ≈ 2.5 x 102 A/cm2) to promote growth 
and then it is spread out in order to halt the growth of the nanowires and to obtain images of them. 
Figure 4.2(b) is used to illustrate how the growth of a single nanowire can be tracked. The duration of the 
condensed irradiation periods was initially of 5 seconds (left side of the red line in figure 4.2(b)) and then 
increased to 10 seconds (between the red and blue lines). The growth rate (nm/min) is greater for the 10 
s periods as compared to the 5 s periods. 
Changes in the growth rate of individual nanowires can be studied by plotting the length of the 
nanowires as a function of the total irradiation time i.e. the sum of all the discrete condensed irradiation 
periods delivered to the precursor (see figure 4.2(c)). The growth is nearly linear (constant growth rate) 
during the first 30 – 40 s of condensed irradiation. Afterwards the growth slows down greatly or subsides 
completely. Growth rates as high as 7 µm/min have been measured during the initial linear growth rate 
mode, this is around 50 times larger than the growth rate estimated for amorphous B nanowires 
produced via CVD.90 
There are more factors affecting the growth rate of a given nanowire, one of them is the fact that 
nanowires that grow in crowded clusters rooted near one another in the precursor have to share or 
“compete” for a limited amount of feedstock material migrating on the direction of the cluster. Therefore, 
 Figure 4.1.  Atomic structure of B/BOX 
nanowire s and BOX nanotubes. High 
magnification images of a B/BOX nanowire 
in (a) and a BOX nanotube in (b). The 
catalytic Au nanoparticles can be seen at 
the tip of the nanowire and nested within 






nanowires that grow in clusters should have lower (damped) growth rates in comparison to nanowires 
growing isolated that can make use of virtually all the feedstock material migrating on their direction. 
Thus, if d  is the usual growth rate (in nm/min) of a nanowire growing in isolation, then we can define a 
damped growth rate δ given by:  
nd=δ  
Where n  is a non-dimensional damping factor given by: 
M
m
n −= 1  
Where m is the number of nanowires rooted within a certain lateral distance from the nanowire 
whose growth rate is being measured, and, M is the total number of nanowires stemming from the 
whole precursor microparticle. The graph in panel (d) of figure 4.2 shows how nanowires with larger 
diameters show a higher damped growth rate in comparison to thinner nanowires. 
 
Figure 4.2. Tracking the growth of individual nanowires. (a) An irradiated precursor with around 20 
nanowires of various diameters stemming from it. (b) Superimposed frames tracking the growth of a 
single nanowire. The yellow triangle indicates the position and dimensions of the condensed electron 
beam as it irradiates the composite to instigate in situ nanowire growth. Each position of the Au NP 
corresponds to a single image. The growth rate is higher for irradiation periods of 10 s (between the red 





from the separation between consecutive Au catalyst positions. (c) The graph shows the length of two 
different nanowires (black and red) as a function of the total irradiation time. Although the “black 
nanowire” reaches a greater final length the growth trend is analogous in both cases. (d) The damped 
growth rate seems to be higher in nanowires with larger diameters. 
The chemical composition of the nanowires was checked with EDS, EELS and EFTEM. As stated 
before, EDS has a limited sensitivity for the detection of low-weight elements such as B, however, the 
difficulties mostly arise when one wants to detect small amounts of B among larger amounts of other 
elements. Since the nanowires are predominantly made of boron it is possible to observe clear B peaks in 
the EDS spectra after around 5 minutes of sampling. Figure 4.3(a) shows a typical EDS spectrum taken 
from a section along the B/BOX nanowires, the results consistently showed that the nanowires are made 
of B with only small traces of oxygen all along their length. 
 
Figure 4.3. Spectroscopic studies of B/BOX nanowires. (a) Several sections along a nanowire (black boxes) 
were subjected to EDS analysis, a typical EDS spectrum can be seen in the bottom part of panel (a). (b) 
Local EELS was performed over different regions along the transversal axis of the nanowires. The O-K edge 





oxygen is evident in the elemental map in panel (d). (e) Boron is distributed uniformly along the whole 
nanowires. A schematic drawing of a coaxial B/BOX nanowire is shown in panel (f). 
 EELS studies such as the one shown in figure 4.3(b) reveal that most of the oxygen in the 
nanowires is superficial. The spectra taken at a grazing angle with respect to the nanowires’ outer shells 
show a visible peak corresponding to the O-K edge. The O-K edge is not clearly visible in the spectra taken 
from sections where the beam sweeps regions with a higher relative content of B, i.e. closer to the 
nanowires central axis. Elemental maps obtained through EFTEM (figure 4.3(c) to 4.3(f)) confirm that 
most of the oxygen is superficially bound forming a thin BOX layer enveloping the nanowires. Notably, 
some oxygen seems to be adsorbed on the catalyst Au nanoparticle as it can be noted in figure 4.3(d).   
The condensed beam used to instigate growth causes changes in the contents of B and O within 
the irradiated area of the precursor. Particularly, fast oxygen desorption was observed by EDS 
measurements taken during the periods of condensed irradiations. The changes in the atomic ratio 
between B and O (B:O) can be plotted as a function of the total irradiation time as in see figure 4.4(a).  
 
Figure 4.4. Oxygen desorption and feedstock depletion. (a) Asymptotic growth of the B:O ratio as a function 
of the irradiation time. (b) and (c) changes in the relative atomic percentages of B and O respectively as a 
function of the irradiation time. Panels (a) to (c) illustrate that oxygen is more prone to electron stimulated 





irradiating the spot 1. Further irradiation would not result in further growth. (e) The growth of the 
nanowire is resumed and a second nanowire appears when the irradiated spot is moved to the location 2.  
Alternatively one can plot the variations in atomic percentages (at. %) of B and O separately as in 
panels (b) and (c) of figure 4.3. One needs to be careful not to misinterpret the rising curve of B at. % as a 
net increase of the total content of B, the increment is measured only relative to the at. % of oxygen. The 
B:O ratio tends asymptotically towards a saturation value which typically falls between 3 and 6 (15–25 O 
at. %). Initially a steep increase in the B:O ratio is observed,  the trend shows that O is rapidly desorbed 
from the irradiated area during the irradiation period in which fast linear nanowire growth is observed. As 
the ratio B:O reaches a relatively stable value, the growth rate of the nanowires tends to subside.  The 
halted growth is related to the depletion of feedstock material from the irradiated area. However, 
feedstock depletion happens locally (except at really long irradiation times > 500 s), this implies that one 
can resume the growth of the nanowires if the irradiation spot is changed to another place over the 
precursor, this effect is shown in panels (d) and (c) of figure 4.3. 
It was observed that the Au nanoparticles the tips of the growing nanowires constantly change 
their morphology during growth. The morphological changes can be captured by imaging the tips in 
between successive condensed irradiation periods. The nanoparticles gradually morph from a smooth 
and round shape to a faceted architecture with sharp vertices and vice versa (see figure 4.5). The 
morphological transitions are more frequent at total irradiation times lower than 100 s. Also, in general, 
the smaller Au nanoparticles tend to change shape more dynamically. The nanoparticles maintain 
crystalline domains throughout their morphological transitions (see figures 4.5(f) and 4.5(g)). Uchiyama et 
al. observed similar morphological changes of catalytic Au nanoparticles supported on CeO2 at room 
temperature as they promoted an oxidation reaction of carbon monoxide into CO2 in the presence of 
O2.
202 The changes are not related to a reversible solid-liquid phase transition, instead, they are caused by 
O adsorption on the Au nanoparticles surface as it is observed in the O map in figure 4.3(e).  
The lateral dimensions of the Au nanoparticles vary as their shape changes over time, thus, the 
diameter of the nanowires might fluctuate slightly as a consequence. The effect can be seen in the pair of 
graphs of figure 4.6. The thickness of the nanoparticles refers to their length measured in the direction 
parallel to the nanowires axis. The black and red lines in the plots belong to different nanowires. The 
diameter of the “black nanowire” remains relatively constant since the width of its catalyst nanoparticle 





its Au nanoparticle shortens. This can be interpreted as evidence of the conservation of volume (and 
mass) of the Au nanoparticles during the growth process. 
 
 
Figure 4.6. Correlation between the diameters of the nanowires and thickness of the Au nanoparticles. The 
diameter of the nanowires is closely correlated with the width and thickness of the Au nanoparticles. The 
graphs show how changes in the diameter are correlated with morphological changes of the Au 
nanoparticle as growth proceeds.  
Figure 4.5. Morphological changes in Au 
nanoparticles. (a) An Au nanoparticle with a 
rounded surface.(b) An Au nanoparticle 
showing clear cut facets and a sharp 
vertex. (c) to (e) Intermediate stages with 
rounded corners and flat surfaces are also 
possible. (f) and (e) Lattice fringes of 
crystalline domains can be found in at least 
some regions of the Au nanoparticles at 






An interesting phenomenon can be instigated once the B:O ratio reaches a relatively stable value. 
Some of the nanowires can be gradually transformed into BOX nanotubes. This suggests nanotube 
formation occurs only when both the B and O supply is limited. Typically, this process can be triggered by 
delivering (short) periods of condensed irradiation of around 10 seconds. At the onset of the process, the 
Au nanoparticles progressively nested within the nanowires’ boron core as consecutive periods of 
condensed irradiation are completed. This process can be observed in panels (a) to (c) of figure 4.7. Once 
the nanoparticles are fully nested within the nanowires the duration of the irradiation periods can be 
increased in order to accelerate the nanotube formation. The Au nanoparticles move towards the base 
nanowires removing the B core in the process and leaving the outer BOX shell intact. Nanotubes with 
lengths over 600 nm and remarkably circular cross sections can be formed as a consequence of this 
process. Similar nanotube-nanoparticle-nanowire hybrid nanostructures have been observed before as 
byproducts in CVD experiments designed for the synthesis of B nanowires.93  
 
 
The formation rate of the nanotubes, this is, the speed at which the Au nanoparticles vaporize the 
B core leaving a hollow BOX shell behind, is significantly lower than the growth rate of the nanowires. The 
maximum growth rate for a nanotube recorded so far is of around 350 nm/min which is almost 20 times 
lower than the maximum growth rate measured in a nanowire. The growth of the nanotubes as a 
Figure 4.7. Nanotube formation. (a) to( c) 
gradual nesting of the Au nanoparticle into 
the B core of a nanowires. A condensed 
irradiation period of 10 seconds separates 
the panels (a), (b) and (c). (d) Overview of a 
section of the edge of a precursor 
microparticle with at least 3 nanotube-
nanoparticle-nanowire hybrid 
nanostructures protruding from it. The inset 
(e) shows that the walls of the nanotubes 
have a thickness of around 4 nm. Panel (f) 
demonstrates that at least some of the 






function of irradiation time is remarkably linear for short total irradiation times after the nanotube 
formation has been initiated (see figure 4.8). Similar to the case of nanowires growth, the formation 
process of the nanotubes can be switched off simply by spreading out the electron beam. 
 
The composition of the nanotubes was checked by EDS, EELS and EFTEM (see figure 4.9). EDS was 
carried out in the solid nanowire and tubular sections simply in order to obtain preliminary 
measurements of the different atomic B:O ratios between these parts. As it can be seen in figure 4.9(a), 
the relative content of B is higher in the solid regions as compared to the hollow tubular sections. The 
same results were confirmed by local EELS studies performed on two areas on the tubular section and 
one in the solid nanowire region. The peak of the O-K edge is better defined in the spectra from the 
nanotube while it is significantly hidden by the tail of the B-K edge in the spectrum from the nanowire 
section (see figure 4.9(b)). The elemental maps obtained though EFTEM show a higher intensity of the 
oxygen signal along the tubular section in comparison to the solid nanowires section, conversely, the 
boron signal is less intense in the former than in the latter (see figures 4.9(c) to 4.9(e)).  
The remarkably high growth rate of the nanowires is hard to explain if the feedstock material 
reaches the Au catalyst nanoparticles transported exclusively in a gaseous form. The source of feedstock 
material at the irradiated spot and the Au tips are separated by several microns of high vacuum, this 
situation justifies a revision of the exclusively aerial transport hypothesis. Hence, three experiments 
designed to investigate the transport routes of feedstock material were devised. The results indicate that 
boron-rich feedstock migrate along the surface of a growing nanowires while oxygen is mainly produced 
as vapor.   
Figure 4.8. Nanotube growth rate. The 
plot shows the increase of the length of 
the tubular section of three different 
nanowires-nanoparticle-nanotube 
hybrids as a function of the irradiation 
time. The time t=0 s is set at the onset of 
nanotube formation. The growth is 






Figure 4.9. Spectroscopic studies of BOX nanotubes. (a) EDS of different areas along a nanotube-
nanoparticle-nanowire hybrid nanostructure. The spectrum of the tubular section enclosed within the 
black triangle shows a relative oxygen content around twice as high as that of the nanowires section 
(within the red triangle). The background signal has been subtracted from the spectrum below. (b) The 
peak of the O-K edge from the EELS spectra taken from areas in the tubular section is sharper compared to 
that of coming from the solid nanowires section. This again indicates a higher relative content of oxygen 
on the nanotubes. (c) to (e) elemental maps of the nanotube-nanoparticle-nanowire hybrid obtained 
through EFTEM. The higher intensity of the O signal along the short nanotube confirms the results 
obtained by EDS and EELS. (f) A schematic drawing of a nanotube-nanoparticle-nanowire hybrid indicating 
the chemical composition of its different sections. 
In the first experiment, two nearby precursors (separated by at least 1900 nm) were alternately 
irradiated until nanowires were extruded from both of them (see figure 4.10(a)). The alternating 
irradiation periods were delivered in order to determine if simultaneous growth occurred from both 
composites when only one of them is irradiated. However, growth was only ever observed in the 





come into direct contact, then irradiation supplied to either of the composites produced growth in both 
of the touching nanowires (figure 4.10(b) and 4.10(c)). This happens even if the contact point is at least 
1700 nm away from the irradiated spot. This result provides direct proof that the generated feedstock B 
species are not volatile but instead they migrate superficially along the nanowires until they reach the Au 
tips to produce further growth. 
 
Figure 4.10. Superficial migration of B feedstock material. (a) Precursor 1 and 2 are irradiated are 
alternately irradiated until nanowires protrude from both of them. Further irradiation in either 1 or 2 
produces growth only on its nanowires, thus, neglecting the hypothesis of aerial transport of feedstock 
material. (b) When two nanowires directly touch each other, then, further condensed irradiation in either 
of the precursors (precursor 2, for instance) produces growth on both of the touching nanowires as it is 
seen in (c). (d) Three holes were sequentially drilled along a nanowire. The holes heal sequentially from 
base to tip as the total irradiation time progresses.  
 In a second experiment three holes were drilled along a nanowire by condensing the e-beam and 
focusing it for around 5 minutes over a section of the nanowire (figure 4.10(d)). The condensed probe has 
a triangular profile with a side length of around 20 nm. The size and shape of the recently made holes 
match the shape and dimensions of the beam probe. Subsequently, the precursor is irradiated with the 





with material; the process can be referred to as “healing process”. The filling of the holes starts at their 
perimeter and continues towards their centers. The healed holes do not fully recover to the initial 
thickness as indicated by their slightly lighter contrast. Perhaps the most important point is that the holes 
heal in a stepwise fashion: the hole nearest the nanowire base (irradiated spot) heals first, then the next 
nearest hole and so forth. Furthermore, the hole closer to the base heals more “fully” than the one 
closest to the tip, i.e. the coverage of the holes is more substantial as they are closer to the irradiated 
spot. Again, this result points to the superficial migration of feedstock material from the irradiated spot 
and along the nanowire towards its Au tip. 
 
Figure 4.11. Nanotube formation in separate composites. (a) Precursor 1 and 2 are around a micron apart 
and connected only by a thin thread of amorphous C. The nanowire in (b) which is connected to precursor 
2 starts to transform into a nanotube when precursor 1 is irradiated as it is seen in (c). This indicates that 
the oxygen that activates the Au nanoparticles is transported aerially.  
In a third experiment yet again two neighboring precursor microparticles were alternately 
irradiated. However, in this case the distance separating the precursors was slightly less than a micron 
(see figure 4.11). In this configuration it was found that when irradiating one precursor, some nanowires 
of the second precursor would start to transform into nanotubes as shown in figure 4.11(c). This 
experiment confirms the importance of electron stimulated desorption of oxygen species reaching out to 





growth as well as nanotube formation occurs at such long distances from the (“hotter”) irradiated spot 






Atomic % B:O 
growth window 






B/BOx NWs 1 – 4050 30 - >7000 2 – 6 (±0.5) 15 – 30 (±2) <10 - >100 ___ 
BOx NTs 1 – 610 105 – 350 3 – 6 (±0.5) 15 – 24 (±2) 10 – 60 2 – 5 
Table 4.1. Summary of morphological characteristics and growth parameters of B/BOX nanowires and BOX 
nanotubes. 
Table 4.1 and figure 4.12 provide an overview of some of the most relevant parameters 
describing the morphology and important aspects of the growth of the B/BOX nanowires and the 
formation of the BOX nanotubes. As stated before, nanowire growth happens significantly faster than 
nanotube formation. The atomic B:O ratio windows in which either nanowires or nanotube formation 
take place refer to the range of values of the B:O ratio in which either nanowire growth or nanotube 
formation is favored. The same information is parametrized in terms of at. O % content in the irradiated 
spot in the graphic presented in figure 4.12. Summarizing, nanowires growth can take place within a 
window spanning from around 30 to 15 % of oxygen (O content diminishes with irradiation time). 
Between the small window of 30 to 28 % of O the nanowires grow at the highest rate, this is also the 
period when linear growth is observed. Nanotube formation generally takes place between 24 and 15 % 
of oxygen and it overlaps completely with the window of slow (asymptotic) nanowires growth. If the 
oxygen content drops below the 15 % threshold then essentially all activity ceases, condensed irradiation 
on the precursor cannot further trigger nanowire growth or nanotube formation.  
 
Figure 4.12. Graphical parametrization 
of growth regimes in terms of O content 






4.3. Interpretation & discussion. 
 The whole synthesis process can be divided in the following stages: Inflation and collapse of the 
precursor (pre-nucleation), nucleation and growth of the nanowires and, finally, nanotube formation.  
 The first observable reaction in the precursor material as the electron beam converges on it is the 
formation of bubbles. The bubbles appear ubiquitously and burst suddenly as the electron beam profile 
continues to reduce. The formation of oxygen-filled bubbles and oxygen outgassing has been observed in 
several occasions in targets irradiated with electrons.78, 203 – 206 Typically, the targets prone to evolve 
oxygen bubbles under irradiation are glassy specimens with oxygen-rich atomic networks. De Natale and 
Howitt explain the evolution of oxygen bubbles within borosilicate glasses as the ultimate consequence of 
a radiolysis chain reduction reaction.205 The reaction takes place favorably at lattice metal oxide groups 
that are not covalently linked to the silica network of the glass. After dissociation, the liberated oxygen 
ions react to form molecular O2 which evolves into expanding bubbles. The reaction also generates 
positively charged metallic ions that repel each other leaving yet more room for the bubbles to expand. 
The last step of the chain reaction proposed by De Natale and Howitt applied to the case of a boron oxide 




 The bubble expansion rate is enhanced if initially there is already a significant amount of 
interstitial oxygen trapped in the specimen. The precursor inflates as the bubbles within it expand. 
Eventually the bubbles burst leading to a global collapse of the precursor microparticle. The volume of 
the precursor is reduced after the collapse due to the release of the oxygen trapped within the bubbles as 
it can be appreciated in figure 2.9.   
 The Au nanoparticles move within the precursor as the precursor inflates. They end up situated 
near the precursor’s surface after the precursor collapses. In these superficial positions the Au 
nanoparticles are ready to act as catalytic sites for the growth of B/BOX nanowires. 
 At this point it is necessary to condense the electron beam down to a probe with a current 
density of around 2.5 x 102 A/cm2 in order to generate the feedstock material necessary for the nanowire 
growth. The graphs in figure 4.4 show evidence of continued oxygen desorption as a consequence of the 





been observed in several metal oxides of the form MXOY even at moderate current densities in the range 
10 to 50 A/cm2.165 Some oxides can be driven to their monoxide configuration if the current density is 
increased to values between 4 x 103 A/cm2 to 2.5 x 104 A/cm2.166 It is then feasible that the current 
density employed to instigate nanowire growth is capable to induce reduction reactions in the precursor 
material. Indeed, oxygen desorption has been observed in B2O3 specimens irradiated with an electron 
beam.170 Perhaps the most likely mechanism for the production of oxygen species in the case of irradiated 
B2O3 samples is the K-F mechanism. Rogers and Knotek measured three main Auger peaks at 143 eV, 
158.5 eV and 169 eV in B2O3
170 (or at 140 eV, 155 eV and 170 eV according to Hanke and 
Müller).207 The origin of each Auger emission can be associated to the production of oxygen species and 
metallic ions as follows:  
1) The Auger emission at 143 eV leaves two holes in the O(2s) level at -26.3 eV after filling up 
the initial vacancy in the B(1s) level, changing the initial O2- anion into a O0 atom and the initial B3+ 
cation remains unchanged.  
2) The peak at 158.5 eV leaves a hole in a O(2p) level at -7.2 eV and one in the O(2s) level at -
26.4 eV from which the Auger electron is emitted. The process leaves a O0 and a B3+ ions behind.  
3) Finally, the Augers at 169 eV leave a hole in the B(2p) level at -11.2 eV and another in a 
O(2p) level at -11.5 eV from where the Auger electron is emitted. An O- anion and a B4+ cation are 
left in the specimen.  
Thus, the emissions at 143 and 158.5 eV leave a neutral oxygen atom (or possibly a positively 
charged O+ ion if a double Auger emission takes place)164 that can diffuse rapidly through the precursor 
matrix and get desorbed. The generation of oxygen vapors is essential to activate the catalytic properties 
of the Au nanoparticles. This has been observed in several oxidation experiments performed by Au 
nanoparticles sitting on oxide substrates202, 208 – 211 as well as in the experiment shown in figure 4.11. 
Therefore, electron stimulated oxygen desorption can explain the generation of volatile oxygen out of the 
irradiated as well as the production of positively charged B species.  
The positively charged B species act as feedstock material for the growth of the nanowires. They 
migrate outwards from the irradiated spot due to charging effects. A summary of the phenomenon can 
be read in section 2.3.3 and some specific aspects of charging of B2O3 specimens can be found in 





positive charges that accumulate within the irradiated volume. The growing charge confined to a small 
volume generates an electric field that has radial components that extend along the surface of the 
specimen. As the irradiation time proceeds the field intensity surpasses the dielectric field strength of the 
specimen and a cascade of positively charged B species is expelled from the irradiated volume. The 
experiments shown in figure 4.10 demonstrate that the boron feedstock migrates superficially along the 
nanowires until it reaches the Au catalyst nanoparticles at the tips. 
Gradually, the precursor gets depleted of oxygen and boron. The depletion of boron feedstock is 
reflected in the asymptotic form of the growth curves of the nanowires such as the one depicted if figure 
4.2(c) which occurs when the oxygen content in the irradiated spot is within 28 to 15 % approximately 
(see figure 4.12). The nanowires reach a finite length as the lack of B feedstock accentuates. However, 
small amounts of oxygen can still get desorbed in this regime enabling the catalytic properties of the Au 
nanoparticles. However, the nanoparticles start to “feed” on the boron core of the nanowires since no 
more B can be efficiently provided through the action of the condensed irradiation. As a consequence the 
Au nanoparticles consume the B core of the nanowires probably through the reaction of adsorbed oxygen 
species to produce volatile B2O2 molecules. The external oxide shell of the coaxial nanowires is left intact 
as these reactions take place. The outcome of the process is the gradual formation of the BOX nanotubes. 
The amount of oxygen in the precursor is also limited. As the condensed irradiation time keeps on 
increasing the precursor becomes progressively more stable. This is due to the increasing conductivity of 
the precursor as the reduction reactions leave pure elemental boron in the irradiated area. Under these 
circumstances charging effects are mitigated, therefore, neither the generation of feedstock material or 
the further desorption of oxygen are possible and all activity of the Au nanoparticles stops. 
Finally, possible beam-induced heating effects have to be taken into account. The experiments 
strongly suggest that the growth reactions occur at room temperature, primarily because the spot 
irradiated with the condensed beam is sometimes microns away from the Au tips where further growth 
occurs. However, it is possible that the condensed beam rises the temperature of the irradiated spot and 
therefore that heating effects might contribute to the generation of feedstock material. Nevertheless, 
beam-induced heating effects can be discarded out by performing a simple calculation. Liu et al. 
developed an expression to estimate the temperature rise due to a concentrated electron beam 
irradiating a thin film.212 The formula is designed to explore the extreme case: it calculates the 





that all the absorbed power is converted into heat. Using Liu’s equation it is estimated that the maximum 
temperature rise with respect to room temperature (300 K) in the center of the irradiated spot is of 
around 19 K. Certainly not high enough to melt the B2O3 specimen (melting point ≈ 723 K). The 
temperature rise outside the irradiated spot must therefore fall below the upper limit set by Liu’s 
formula. This can be confirmed by using the formula developed by Egerton et al. to calculate the 
temperature increment at a point situated 500 nm away from the center of the beam.213 The result yields 
a temperature rise of around 12 K which is consistent with the result obtained from Liu’s equation. The 
details of these calculations are provided in Appendix B. 
In conclusion, it can be safely stated that the synthesis of coaxial B/BOX nanowires and BOX 
nanotubes was carried out at room temperature. The growth process relies fully on reactions promoted 
by the interactions between the electron beam and the precursor particles: generation of gaseous oxygen 
(mainly) through the K-F mechanism to activate the catalyst Au nanoparticles and production of feedstock 
material (mainly) via the charging of the irradiated volume. 















5. In-situ TEM-manufactured Al5BO9 nanowires. 
This chapter presents the most important experimental results obtained from the in-situ 
synthesis of Al5BO9 NWs the TEM. Subsequently, the results are interpreted and discussed in order to 
explain the physical mechanisms behind the almost instantaneous nucleation/formation of this kind of 
nanowires as well as the extended growth processes that can be instigated on them by the action of the 
condensed e-beam. 
5.1. Nucleation/formation stages 
As it was described in subsection 2.4.3, it is possible to produce Al5BO9 NWs by making an 
electron beam of a TEM converge on a micron-sized precursor particle. As the electron beam waist is 
gradually reduced (the current density is increased), the precursor undergoes a radical, sudden and global 
transformation. Crystalline nanowires nucleate almost instantaneously out the initially amorphous 
precursor even when the current density is as low as 2 x 10-4 A/cm2. Nevertheless, the exact value of the 
current density necessary to trigger the nucleation process varies from one precursor particle to another. 
The nanowires appear sticking outwards from the precursor pointing in all directions creating a structure 
that resembles a sea urchin. Generally, the process happens very rapidly, however, it is possible to 
glimpse at some of the intermediate steps of the nucleation process by slowing down the speed at which 
the electron beam waist is reduced keeping an approximate rate of 8 x 10-6 A/cm2·s. Under these 
conditions it is possible to record a movie of the nucleation/formation process.215 
The first change occurring in the precursor as the beam is slowly made to converge upon it is the 
creation of interstitial voids. The creation of free volume within the precursor can be observed in figure 
5.1. Patches of light thickness contrast form in different areas of the precursor at the onset of the 
nucleation process. The areas of lighter contrast can be identified as interstitial free space or associated 







In a broad sense, the nucleation process can be described as a global phase transition in which an 
amorphous precursor made out of O, Al and B rapidly transforms into a bundle of crystalline Al5BO9 NWs 
held together by amorphous remnant scaffold. Al, B and O atoms rearrange into a crystalline 
configuration during the rapid restructuration of the precursor while simultaneously a sizeable amount of 
material is lost as it can be noticed from the noticeable volume loss. Evidence of the amorphous-
Figure 5.1. Free volume liberation during 
nucleation. (a) A precursor microparticle shown 
just at the onset of the nucleation process. 
Some roughness can be detected on its surface. 
(b) Short nanowires have been nucleated after 
further condensing of the irradiating beam. 
Simultaneously, patches of light contrast 
develop in different areas within the precursor 
such as the one within the dashed yellow line. 
These patches indicate the generation of free 
volume or desorption of material promoted by 
the electron irradiation. 
Figure 5.2. SAED studies of the nucleation/formation 
of Al5BO9 NWs. (a) The precursor is amorphous in its 
initial state. The diffraction pattern shows no 
discernible diffraction spots and the SAED image 
obtained from the area within the yellow circle 
shows a rather slight contrast gradient spread over 
the precursor. (b) A number of nanowires have been 
produced once the nucleation process is completed.  
The diffraction pattern reveals a large collection of 
spots coming from the crystalline nanowires. The 
SAED image of the area enclosed in the yellow circle 
(below) shows in white contrast the nanowires 





crystalline phase transition that gives rise to multiple nanowires can be obtained by performing SAED 
studies on the precursor before and after the transition has taken place (see figure 6.2). The diffraction 
pattern of the precursor in its initial state is completely diffuse, indicating that it is an amorphous 
material.  
5.2. Growth dynamics, composition and crystalline structure. 
Since the “freshly” nucleated nanowires stick out in all directions there are always some of them 
that happen to stick out lying on top of the lacey C film that supports the precursor particle. It is possible 
to instigate further growth on those nanowires simply by condensing the e-beam into a small probe with 
a diameter of around 100 nm (~ 175 A/cm2) and use it to irradiate the remnant amorphous scaffold 
joining the nanowires (see figure 5.3). As the supported nanowires grow and the total irradiation time 
progresses the precursor microparticle slowly thins down. The amorphous scaffold is gradually lost until 
an underlying mesh of crystalline nanowires extending through the eroded precursor is revealed (see 
figure 5.3(b) and 5.3(c)). The thinning down of the precursor is related to the desorption of oxygen and 
the migration of feedstock material triggered by the convergent electron beam. 
 
Figure 5.3. Growth of supported Al5BO9 
NWs and gradual precursor thinning. (a) A 
single Al5BO9 nanowire supported on the 
lacey C film grows as the irradiation time 
on the precursor progresses. (b) A 
precursor microparticle is irradiated in the 
area marked with the red circle. The 
magnified area shows an edge region. (c) 
The precursor as a whole is considerably 
thinned down after 210 s of irradiation. 
The underlying mesh of nanowires can be 
seen through the degraded precursor as it 





The nanowires sticking right into the vacuum (free-standing) show only a marginal length increase 
as the total condensed irradiation time grows. The growth rate of the supported nanowires can be higher 
than 10 nm/s while the free-standing NWs register growth rates of around only 1.5 nm/s and they their 
growth to ceases rapidly. For a comparison of the growth rates of the supported nanowires against those 
of free-standing nanowires see figure 5.4.  
 
Figure 5.4. Growth rate of supported nanowires vs free-standing nanowires. (a) A precursor is shown in an 
early state of nucleation; some linear shades corresponding to individual nanowires can be seen through 
it, particularly near its surface. (b) The nanowires lying on top of the lacey C film (shaded in blue) have 
grown noticeably after 60 s of irradiation in contrast to the free-standing nanowires which barely stick out 
from the precursor. (c) The length increase of a pair of supported nanowires (blue curves) and two free-
standing nanowires (green curves) is plotted a function of total irradiation time. The supported nanowires 
show an asymptotic growth. They grow at a much higher rate than the free-standing nanowires and reach 
a much larger final length.   
In contrast to the case of B/BOX nanowires, whose diameter fluctuates only as much as the Au 
nanoparticle widens and contracts during growth, the supported Al5BO9 NWs tend to gradually broaden 
as the irradiation time grows (see figure 5.5).   
The composition of the free-standing as well as of the extended growth NWs was investigated by 





all the sampled nanowires. Elemental maps of individual free-standing nanowires confirm that Al, B and O 
are uniformly distributed along the nanowires. Interestingly, no evidence of a catalyst nanoparticle or 
secondary phase is found at the tips of the nanowires hinting towards a catalyst-free growth process. 
 
Figure 5.5. Gradual broadening. The diameter of the supported nanowires grows as the irradiation time 
increases. The nanowire shown in (a) has a diameter of around 15 nm after 70 seconds of irradiation. 
Some sections show jagged irregular edges. (b) After 130 seconds of irradiation its diameter has reached 
26 nm, i.e. an increase of around 66%. Also, the nanowire has become noticeably smoother and more 
regular.  
Elemental maps were also obtained at two different growth stages were obtained for a pair of 
supported nanowires. The results (in figure 5.6(b) and 5.6(c)) confirm that the uniform distribution of Al, 
B and O along the Al5BO9 NWs is maintained soon in different stages of the growth process. In addition, 
the results show that while almost all Al is relegated to the nanowires, B and O diffuse profusely over the 
lacey C supporting the NWs. This shows that the relatively large area of the C support helps to increase 
the amount of migrating feedstock material migrating simply by providing a larger surface area over 
which it can be transported. This might help to elucidate why supported nanowires show extended 






Figure 5.6. EELS and EFTEM of Al5BO9 NWs. (a) The EELS spectra of individual nanowires reveal the 
presence of Al, B and O in the nanowires. (b) Elemental maps confirm the homogeneous distribution of Al, 
B and O along the nanowires. (c) Elemental maps obtained soon after nucleation has taken place show 
that B and O diffuse profusely over the lacey C grid thus enhancing the superficial diffusion of feedstock 
material. The same pattern is observed after 30 s of irradiation where the nanowires have grown 
significantly longer.  
Detailed analysis of the FFT pattern extracted from high-resolution micrographs of individual 
nanowires served to identify the correct aluminium borate phase of the nanowires as well as to 
determine their growth direction (see figure 5.7). The unit cells and crystalline planes that are likely to 
generate the FFT patterns can be reconstructed by estimating the d-spacings and relative angles between 
opposing pairs of diffraction spots in the patterns. The values extracted from the analysis of the FFT 
patterns are then compared with the available crystallographic data in order to index the diffraction spots 
properly. It was found that ca. 70% of the NWs are of the Al5BO9 phase. The remaining 30 % could not be 
conclusively labeled as either Al5BO9 or Al4B2O9. Around 85 % of the Al5BO9 nanowires that grow along the 






Figure 5.7. Identification of the crystalline phase of the aluminium borate nanowires. (a)  The crystalline 
structure of a Al5BO9 nanowire can be clearly appreciated in this high magnification micrograph. Its 
corresponding FFT pattern can be seen in (b). (c) Schematic diagram of the unit cell of a Al5BO9 structure. 
The planes indexed in the pattern appear there, including the plane (200) which is orthogonal to the 
growth direction [100]. (d) Overview of a Al5BO9 nanowire extending along the [100] direction as it can be 
seen in e). 
5.2. Interpretation & discussion. 
The whole synthesis in-situ process of Al5BO9 nanowires can be divided into two parts: the 
nucleation/formation of the nanowires and their subsequent extended growth. 
 In order to understand the nucleation/formation process it is necessary to examine the 
crystalline structure of the Al4B2O9 and Al5BO9
122
 phases in more detail. Both of these structures share a 
salient characteristic, they are built over a backbone structure formed by parallel linear chains of tightly-





planar groups. The chains run parallel to the b axis of the unit cell in the case of Al4B2O9 and along the a 
axis in the Al5BO9 phase. A schematic drawing of the backbones of both phases is shown in figure 5.8.  
 
Figure 5.8. Backbone chains of Al4B2O9 and Al5BO9. (a) The octahedral units form parallel chains that run 
along the [010] direction in the Al4B2O9 phase, and, (b) along the [100] direction in the Al5BO9 phase. The 
various groups linking the parallel chains have been omitted for clarity. 
 The crystallographic analysis of the nanowires revealed that around 85 % of them are of the 
Al5BO9 phase and grow along the [100] direction, i.e. their main axis is parallel to their backbone chains.  
The same growth direction has been observed several times in Al5BO9 nanowires synthesized by a variety 
of methods and from a wide range of precursors (amorphous powders130, 136, 137, 216, crystalline 
substrates132, 139, 201 and gels).138, 217 However, one must be careful to notice that in these reports the 
growth direction is labeled as [001],123, 134, 135, 137, 139, 216 this is because the majority of the reports use the 
older formula Al18B4O33 before the stoichiometry of the phase was refined as Al5BO9 by Fisch et al.
122 Fisch 
and coworkers also modified the dimensions and orientations of the unit cell axis so that the backbone is 
now aligned along the a axis.  
 The rationale behind every synthesis procedure is essentially the same: the atomic mobility of the 
elements forming the precursor is enhanced by injecting energy into it (heat, most commonly) until a 
large-scale restructuration occurs. The energy input also generates a significant amount within the 
precursor, for example, by evaporating part of its mass. The mass-loss leaves more free room for the 





of the nanowires. In the synthesis method presented here the electron beam supplies a steady energy 
input flowing constantly into the precursor microparticles.  
 In the synthesis approach treated here the precursor material are particles ranging from less than 
a micron to several microns across and can be described as composed by a homogeneous mix of Al, B and 
O arranged in an amorphous configuration (see figure 5.9(a)). The approximate atomic ratio of the 
components is 1:9:15, i.e. 4 % of Al, 36 % of B and 60 % of O. Several events are triggered within the 
precursor as the electron beam gradually converges upon it. For example, ionization events that turn 
neutral species into active moieties occur throughout the precursor (see figure 6.9(b)) or simply direct 
electron-nuclei collisions that increase the atomic mobility within the specimen. Low-weight elements are 
particularly susceptible to be displaced by the transfer of kinetic energy from collisions with energetic 
electrons, in particular, boron is known to be easily displaced in this manner.176 The generation of 
gaseous species such as O2 and B2O2 is facilitated by the sum of ionization events (increased chemical 
activity) and enhanced atomic mobility. The K-F mechanism can simultaneously promote the production 
of species such as O0 and O+. The outcome of the production of gaseous species is the formation of 
bubbles (see figure 5.1) throughout the precursor. Upon further condensation of the beam the bubbles 
burst liberating their gaseous contents into the atmosphere, as a consequence, the precursor deflates 
notably (see figure 5.9(c)). The massive and sudden desorption of vapors away from the specimen 
generates a good deal of interstitial free-volume that facilitates large-scale atomic rearrangement 
providing the right conditions for the formation of the Al5BO9 nanowires.  
 The atoms within the specimen “seek” to adopt a more stable configuration as they rearrange 
and are constantly bombarded by the incoming electrons. Essentially, a global beam-induced 
crystallization process occurs in the precursor along the lines described by Qin et al.177 and summarized in 
subsection 2.3.2. Briefly, the energy provided by the beam athermally enhances atomic rearrangement. 
The likelihood of the atoms rearranging into a crystalline configuration is high since the internal energy of 
crystalline structures is lower in comparison to the initial amorphous state of the specimen. In the case 
treated here it is also important to highlight that the relative atomic contents of Al, B and O in the 
precursor change significantly as free-volume is generated by the desorption of mainly oxygen vapors. 
Essentially, the stoichiometry of numerous regions in the precursor that was initially of around 1:9:15 
changes to become closer to the 5:1:9 of the Al5BO9 phase. Therefore, the areas closer to this atomic ratio 
are likely to rearrange into crystalline Al5BO9 (see figure 5.9(d)).  A somewhat inverse transformation 





has been observed when α-Ag2WO4 is exposed to electron beam irradiation. The initially crystalline 
material becomes precursor as the irradiation promotes the extrusion of Ag filaments. The removal of Ag 
from the irradiated region changes its stoichiometry compromising the stability of the crystalline phase. 
Consequently the region becomes progressively amorphous as the relative atomic ratio of Ag, W and O 
depart from that of its α-Ag2WO4 crystalline phase. 
 The reason why Al5BO9 tends to crystallize in the form of elongated nanowires (or whiskers) can 
be explained as follows. The internal gaps generated during the production of free-volume create 
numerous semi-isolated areas which undergo atomic rearrangement powered by knock-on collisions and 
ionization events. The areas or islets with a stoichiometry closer to that of Al5BO9 crystallize in the form of 
nanowires. The first step occurring at a microscopic scale is the assembly of the octahedral AlO6 units that 
form the backbone structure of the nanowires. Short stretches of linear chains formed from individual 
AlO6 units begin to form simultaneously in all the islets (see figure 6.9(e)). Neighboring islets “compete” 
for more octahedral units by “pulling” them as they incorporate them on their own backbone chains. This 
“pulling effect” leads to the generation of a “stress field” extending within the precursor as the 
backbones grow simultaneously throughout it. The “stresses” are greater along the growth directions of 
the backbones due to the inherent close-packing of the AlO6 units along the chains. An asymmetric kind 
of crystallization is established where more octahedral AlO6 elements are preferentially incorporated at 
the extremes of the growing chains. Neighboring growing backbones will come into contact as the 
crystallization process evolves and the linear chains extend. If the growing crystallites are nearly collinear 
then they join at the extremes of their backbones in order to produce long nanowires (see figure 5.9(f)).   
 Transversal crystallization, i.e. in the direction perpendicular to the backbone, is less effective 
than longitudinal crystallization due to two main factors: structural defects such as cracks, pores, grain 
boundaries, impurities and even microscopic stoichiometric inhomogeneity are a bigger obstacle for the 
crystallization process along the transversal axis of the nanowire since the “pulling stress” is weaker in 
this direction. (These types of defects are to be expected on the majority of precursors discussed in the 
literature). In contrast, the pulling effects happening at the extremes of the growing backbone chains are 
strong enough so as to bridge small structural defects and join neighboring crystallites. The second factor 
has to do with the fact that the crystallization occurs simultaneously throughout the whole precursor, 
and, that the relative orientations between the longitudinal axes of different growing nanowires vary 





largely misaligned with respect to one another. By the time the crystallites come together due to the 
slower transversal crystallization process, the twist angle will impede them from fusing together. 
 
Figure 5.9. Nucleation/formation process of the Al5BO9 nanowires. (a) The precursor is initially amorphous. 
The Al, B and O are distributes homogeneously throughout it. Thinner regions identified by patches of 
lighter contrast such as the one delimited by the yellow dashed line form in the precursor. (b) The electrons 
from the main beam ionize atoms in the precursor’s matrix. The ionized species are more chemically 
active. The thinner regions expand (marked by the dashed yellow line) as the precursor keeps on being 
irradiated. (c) Chemical reactions between ionic species and oxygen desorption through the K-F 
mechanism contribute to the generation of free-volume within the precursor. The precursor deflates as a 
consequence of the massive desorption of mainly oxygen species. (d) Atomic rearrangement is facilitated 
by the free-.space generated within the precursor. In particular, the building blocks of the backbone chains 





crystallite “pulls” more octahedral unites towards the growing extremes of their backbones. Furthermore, 
neighboring crystallites that might be separated by small structural gaps can come together due to the 
pulling stresses arising from the incorporation of octahedral units. (g) The end product is a long Al5BO9 
nanowire with its main axis along the [100] direction. 
The aspect ratio and yield of the nanowires is influenced by the rate of free-volume generation. If 
the rate is too low then the creation of structural defects is mitigated and the islets fail to form 
effectively. Crystallization still occurs but the amount and extent of the defects is not large enough so as 
to impede the transversal fusion of neighboring crystallites. As a consequence, the crystallization 
products look more like broad whiskers rather than thin nanowires. Indeed, several works report the 
synthesis of Al5BO9 whiskers instead of nanowires, the common denominator in these reports is that the 
synthesis relies on reactions promoted at elevated temperatures. Thermal synthesis favors the formation 
of whiskers since the free-volume generation (defect creation) occurs mainly due to evaporation which is 
much slower in comparison to the fast desorption triggered by an electron beam. 
 Also, it has been observed that the addition of metallic impurities reduces the mean diameter of 
NWs fabricated in conventional thermal routes.131,135, 139, This is compatible with the nucleation model 
presented here since essentially impurities can be treated as a kind of structural defect that hampers the 
transversal crystallization of the nanowires.  
The extended growth observed in the nanowires that happen to be lying on top of the lacey C fil 
after the nucleation/formation stage has been completed can be explained along similar arguments as 
those given for the growth of the B/BOX nanowires of the previous chapter. The growth reaction is 
triggered by irradiating the remaining amorphous material in the precursor with a highly condensed 
electron beam (current density of around 177 A/cm2). Due to the fact that a significant fraction of the 
(already low) Al content has been already used up to nucleate the nanowires, one can consider the 
irradiated regions of the specimen to be made of B2O3. Therefore, the feedstock material is generated 
due to the electrostatic breakdown of the specimen just as it has been described in section 2.3.3. and in 
appendix A. Shortly, the condensed beam leads to a rapid accumulation of positive charges in the 
irradiated region mainly due to the massive leakage of Auger electrons. This creates an electric field that 
grows stronger as the irradiation time proceeds until it eventually surpasses the dielectric field strength 
of the specimen. At this point the only way to recover electrostatic equilibrium is through the emission of 





to electrostatic repulsion. A consequence of the continuous production of feedstock material is the 
gradual thinning down of the precursor, as it can be observed in figure 5.3(b) and 5.3(c). 
Here, however, only supported nanowires grow significantly in contrast to the free-standing 
B/BOX nanowires of the previous chapter. The ions that constitute the feedstock material migrate along 
the surfaces of both, the free-standing nanowires as well as the supported ones. First of all, it is noticed 
that the C substrate facilitates surface transport simply by providing a larger surface area over which the 
feedstock can migrate; this already presupposes an accelerated growth rate for the supported nanowires. 
The key detail is the low availability of aluminium. The extended area of the lacey C support guarantees 
that enough Al can be channeled to the growing tips of the supported nanowires, however, this is not the 
case for the free-standing nanowires. Comparatively much more B and O can reach the tips of the free-
standing nanowires, but, in the absence of Al no Al5BO9 can be synthesized efficiently. In fact, it is possible 
that B and O react with one another and volatilize in the form of B2O2, this is prevented in the case of 
B/BOX nanowires by the action of the catalyst Au nanoparticles that separate the O vapors from the B 
cores of the nanowires. 
The possible role of substantial heating instigated by the action of the condensed beam has been 
discarded by performing a simple calculation in the same fashion as in the case of B/BOX nanowires. Using 
Liu et al. formulation it can be estimated that the temperature rise in the irradiated area is of around 37 K 
even at the high current density used to promote the extended growth of the Al5BO9 nanowires around 
(177 A/cm2). More details of this calculation can be found in appendix B. 
 In summary, it has been shown that the in-situ synthesis and growth of Al5BO9 nanowires is 
possible inside the TEM using solely an electron beam. The process occurs entirely at room temperature 
since the beam does not heat up the precursor microparticles significantly. Furthermore, a 
comprehensive framework for the formation of the nanowires has been put forward. The formation 
process is very general, it needs only to consider an energy source that causes the generation of free-
volume and triggers atomic rearrangement and takes into account the inherent crystalline structure of 
the Al5BO9 phase. 







6. Concluding remarks. 
 B/BOX nanowires and BOX nanotubes as well as Al5BO9 nanowires have been produced during the 
experiments described in this thesis work. The Al5BO9 nanowires were synthesized by two very different 
routes: a thermal catalyst-free CVD approach and a room-temperature in-situ electron beam-induced 
procedure, while, the B/BOX nanowires and BOX nanotubes were obtained exclusively through an in-situ 
electron beam-induced method. 
 The most important conclusions that can be extracted from these investigations are related to 
the formation and growth mechanisms of the as-produced nanostructures. The fine details of the growth 
mechanisms do not only reflect interesting properties of the materials involved but also reveal the nature 
of the driving forces at play in each synthesis technique.  
Chronologically, the CVD-produced Al5BO9 nanowires were the first nanostructures manufactured 
for this thesis work. A mechanism based on the chemical and structural surface modification of sapphire 
substrates was put forward in order to explain their formation. Here, gaseous B, O and B2O2 diffuse 
through the Al2O3. The high temperature promotes chemical reactions that produce Al5BO9 and change 
the substrate’s topology, from relatively flat to having dense patches of „carved“Al5BO9 nanowires. 
The case of the in-situ produced B/BOX nanowires and BOX nanotubes, being the first electron 
beam-induced process performed in this work, served to lay down a theoretical framework explaining 
their growth mechanism that would later be adapted to explain the in-situ synthesis of Al5BO9 nanowires. 
Interestingly, there seems to be a fundamental connection between the formation dynamics of the 
Al5BO9 nanowires produced by CVD and by the e-beam-based method despite the very different nature of 
both techniques. The key point drawing the connection lies in the very specific crystalline structure of 
aluminium borate.  Furthermore, it is suggested that the crystalline structure of aluminium borate is what 
makes possible to produce Al5BO9 nanowires through many (thermal) approaches using a wide variety of 
initial materials. Next, a summary of the most relevant aspects drawn from the in-situ production of 
B/BOX nanowires and BOX nanotubes is presented. Then, we deal with the CVD and in-situ-produced 





6.1. Concluding remarks on in-situ grown B/BOX nanowires and BOX 
nanotubes.  
The growth of B/BOX nanowires and BOX nanotubes relies on the interplay between processes 
triggered by the electron beam of the TEM as it interacts with the precursor material, and, the properties 
of the precursor itself. The details about the particular sequence of beam-precursor interactions as well 
as the properties of the materials (particularly the catalyst Au nanoparticles) that instigate the growth of 
the nanowires and formation of BOX nanotubes are explained at length in chapter 4 and will not be 
revisited here.  
Two main features stand out in this synthesis procedure: the whole synthesis process is carried 
out at room temperature, and, the growth rate of the B/BOX nanowires is extremely high (up to around 7 
µm/min). Both qualities make this approach score high in the “low energy consumption” aspect 
(discounting the energy supply needed to power up the TEM) and therefore constitute reasons to 
envision electron beam-induced growth of nanostructures as a good candidate method for industrial-
scale applications. On the other hand, the yield of the as-produced nanowires is low using the synthesis 
protocol here described; however, this is mainly because the procedure is carried out inside a TEM and 
not inside a machine expressly dedicated for synthesis purposes. The low-yield issue could be resolved by 
designing a machine with numerous parallel e-beams impinging upon well-arranged precursor targets, for 
example. Even if such a machine consumes more energy in order to function, the elevated yield and 
speed of the process could make up for the device’s energy consumption. 
The study and analysis of the e-beam synthesis approach used in here helped in formulating a 
coherent theoretical framework in order to explain the growth process of the nanowires. The main virtue 
of this formulation is that it helps to advance the blooming sub-field of beam-induced synthesis of 
nanostructures. Perhaps the most remarkable feature of the hypothesis here presented is that it discards 
thermal effects, instead, favoring an explanation mainly in terms of radiolysis (K-F mechanism) and 
electrostatic interactions. Arguments for the growth of various types of nanowires based on radiolysis 
and built-in electric fields have been put forward before,42 – 51 however, in the majority of the cases the 
growth mechanisms are rather vaguely sketched (with some exceptions).48, 49 The mechanism put forward 
in this thesis work was formulated with as much detail as possible without resorting to simulations or 
numerical approaches to solve, for example, the charge balance equation of the irradiated region (which 





There is still room for theoretical improvement, and perhaps more importantly for the time 
being, to come up with further experiments to confirm key aspects of the hypotheses reported here. 
Particularly about considerations made about the ionic character of the feedstock material. Strong 
support in favor of the framework here developed would be to confirm that the feedstock B species are 
indeed positively charged.  
Hybrid nanostructures made of a B/BOX nanowire and a BOX nanotube sections separated by an 
embedded Au nanoparticle could be obtained during the in-situ synthesis process (see figure 5.7). Similar 
structures were observed by Xu et al. while producing amorphous B nanowires via CVD.93 In a way, the 
formation mechanism purported here served to confirm  and complete (one of) the hypothesis 
formulated by Xu et al. The researchers had hypothesized that in the absence of gaseous B precursor, The 
Au nanoparticles decrease their size and develop new reactive sites appear on their periphery. The 
nanoparticles migrate “downwards” as they consume the boron of the core of the nanowires. These 
features were considered and confirmed throughout this thesis. Furthermore, the role of volatile oxygen 
as the agent “turning on” the catalytic activity of the Au nanoparticles (even at room temperature) was 
observed and integrated in the formation mechanism, this key point was missing in Xu et al. work.  
6.2. Concluding remarks on CVD and in-situ produced Al5BO9 nanowires. 
As stated before, the formation mechanism of the Al5BO9 nanowires produced via CVD and 
through e-beam-induced methods share some very fundamental aspects. Both experiments involve: 
1) Initial materials containing exclusively Al, B and O. Gaseous B and B2O2 plus a sapphire 
substrate (Al2O3) during the CVD experiments and amorphous microparticles containing Al, B and 
O for the in-situ experiments. 
2) A constant energy input in the form of heat in the CVD experiment, and, the kinetic 
energy of the electrons making up the e-beam of the TEM for the in-situ synthesis case.  
The rationale of both experiments is essentially equivalent in the following manner. The 
constituent elements to produce Al5BO9 are brought together so they can interact with one another. 
Simultaneously an energy supply ensures that the relative contents of Al, B and O reach the right 





In the CVD experiments boron and oxygen are added onto the sapphire substrate which already 
contains Al and O. The heat then enhances the chemical activity between the three elements while 
vaporizes residual material from the substrate, thus, helping to optimize the stoichiometry for the 
production of Al5BO9. The end result is a large scale topological transformation; the surface of the 
substrate is turned into dense Al5BO9 nanowire mats as explained in chapter 3. In the in-situ e-beam 
induced synthesis process all Al, B and O elements are initially contained within the precursor particles. 
The electron beam supplies energy that removes excess material from the precursor microparticles 
(predominantly oxygen although perhaps B as well in the form of B2O2), thus, fulfilling the stoichiometry 
optimization role that the furnace’s heat plays in the CVD experiments. The evaporation of material 
creates interstitial spaces within the precursor that facilitate the formation of Al5BO9 nanowire.  
The details of this process alongside the reasons of why Al5BO9 tends to crystallize in the shape of 
elongated nanowires are spelt out in more detail in chapter 6. Briefly, small regions of the precursor 
reach a stoichiometric composition that is near the 5:1:9 necessary to form of Al5BO9 out of Al, B and O as 
the beam vaporizes excess material. Ionization events and interstitial free-volume generated in the 
process facilitates atomic rearrangement within the precursor, more importantly, in the regions where 
the relative contents of Al, B and O approach the 5:1:9 ratio. The crystallization process of the Al5BO9 
nanowires begins in these regions. The crystallization itself is led by the formation and assembly of the 
octahedral AlO6 units that form the linear backbone of the crystalline structure of Al5BO9. Essentially, the 
crystallization process happens faster along the backbone direction due to the close-packedness of the 
AlO6 along the linear backbone chains. The asymmetric crystallization growth gives rise to elongated 
structures (nanowires) instead of products with any other geometry.  
Perhaps the major contribution of this thesis work regarding the synthesis of Al5BO9 nanowires is 
that this same principle, i.e. stoichiometry stabilization driven by a constant energy input + properties of 
the crystalline structure of Al5BO9, can be generalized to construe a “universal” formation mechanism to 
explain the synthesis Al5BO9 nanowires through many other (thermal) methods. 
The issues concerning the strengths and weaknesses of the in-situ e-beam-induced B/BOX 






6.3. Final remarks on the applicability of e-beam-induced synthesis 
techniques. 
Perhaps one general limitation of the e-beam-induced synthesis process can still be raised; this is 
the fact that not all materials are susceptible to change their composition and morphology in the desired 
way when they are exposed to e-beam irradiation. It seems that materials that are suitable for the 
production of nanostructures using this approach must be susceptible to suffer at least two kinds of 
processes:  
1) Radiolysis and/or electron stimulated desorption (ESD), which has the function of changing 
the chemical composition and perhaps the morphology of the initial material. Good candidates 
are materials like oxides and alkali halides which are prone to ESD or specimens made out of light 
elements that can be dislocated or fully desorbed due to direct collisions with the beam 
electrons.  
2) Charging or melting, which provide the driving forces (of electrical or thermal origin) to 
produce and drive the transport of feedstock material and promote further growth of the 
nanostructures. Again, oxides are good candidates because many of them are good insulators 
prone to charging. Alternatively materials containing metals with low melting points such as Ga, 
Sn, Bi, etc. might be susceptible to suffer (total or incongruent) melting due to beam-induced 
heating. 
The manifestation of both types of beam-induced phenomena depends strongly on the 
irradiation conditions. For instance, a minimum beam energy threshold is necessary to induce radiolysis 
reactions and/or atomic displacements that lead to beam-induced heating. The current density also plays 
a crucial role. It determines the “energy density” absorbed by the specimen, a factor that is crucial if one 
intends to significantly increase the temperature of a certain area of the specimen. Also, increasing the 
current density by decreasing the beam’s radius allows the experimenter to induce local charging in the 
specimen. The charge accumulates within the confines of the irradiated volume, and, the current density 
determines the accumulation rate of charge. 
Materials with both types of properties are good candidates for beam-induced nanoengineering. 
Finding new materials out of which nanostructures can be produced simply through e-beam irradiation is 





hinted before, to devise experiments to confirm (or discard) several assumptions that have been included 
as cornerstones for the growth mechanisms advanced in this work. For example, one could use a 
specialized TEM holder equipped with an STM tip (STM holder) to perform in-situ experiments like the 
following: 
A biased STM tip can be brought near a precursor from which either B/BOX or Al5BO9 nanowires 
are being produced. The bias will create an external electric field that could affect the growth of the 
nanowires. For instance, if the feedstock material is positively charged and the induced bias is also 
positive, then, one could prevent or „hamper“ the growth of nanowires on the direction of the tip. On the 
contrary, if the tip is negatively biased then the growth of nanowires towards the tip would be 
encouraged. Another effect that could be observed is that the diameter of the nanowires growing 
towards the tip becomes larger due to a larger fraction of the feedstock material migrating towards the 
tip due to electrostatic attraction. 
All in all, it could be concluded that the investigations and the interpretation of the experimental 
results carried out in this thesis work have served to advance two main areas: the growing sub-field of 
electron beam-induced synthesis of nanostructures, and, the techniques used to produce boron-rich one-
dimensional nanostructures.  













Appendix A. Charging of TEM specimens. 
A.1. Rate of charge accumulation. 
Suppose having a TEM specimen traversed by an electron beam. The charge balance equation of 
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Where dtdQ /  is the change rate of total charge Q  contained within the irradiated volume, I 0   
is the electric current of the main electron beam, I T  is the transmitted beam, I E  are the electrons 
emitted from the beam-film interactions, I S are the electrons from the regions of the specimen 
surrounding the illuminated volume that might flow into it and I +  accounts for the possibility of having 
cations leaking outwards from the interaction volume.  
Good TEM specimens are less than 100 nm thick, this guarantees that essentially the full beam 
gets transmitted through it, therefore 0≈I T . In thicker specimens (some hundreds of nanometers) a 
fraction of the primary electrons can get trapped within the specimen. Thus, the transmitted current I T
can be written as a fraction m of the primary beam 0I , which 0 ≤ m  ≤ 1. 
The intensity of I S is determined by the conductivity of the irradiated specimen (the amount of 
electrons available in the conduction band). In general, I S  is a function of the irradiation time
)(tII SS =  since it is possible that the electron irradiation modifies the chemical composition of the 
specimen, thus, changing its electrical transport properties. For example, many metal oxides are prone to 
suffer oxygen desorption through the through the Knotek-Feibelman (K-F) mechanism, therefore they 
become increasingly and )(tI S  grows over time. This means that there is a larger fraction of the 





volume can be approximated by a cylinder, then S  corresponds to the area of the cylinder’s walls 
removing its caps. Therefore, )(tI S  can be expressed as: 
))(()()( tQEtStI S γ=      (2) 
Where )(tγ  is the conductivity of the specimen changing through the irradiation time and E  is 
the electric field generated by the charge Q contained within the irradiated volume. 
The term I E includes all the electrons produced through various interactions between the beam 
electrons and the specimen and that manage to leave the specimen. There two major contributions to 
I E : secondary electrons (SE) I SE  and Auger electrons I AES .  
• Current of secondary electrons I SE . 
I SE  can be expressed as a fraction of the main beam current 0II SESE δ=  where δ SE  is the 
secondary electron yield of the specimen. The coefficient δ SE  is in general a complicated function of the 
electrical propertied of the specimen, the energy of the primary e-beam and the depth in the specimen at 
which the secondaries are generated. Secondary electrons have energies that fall below the 50 eV (which 
is an energy cut-off somewhat arbitrarily defined), actually, the majority of them have energies below 10 
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Where ),( Ezn is the generation rate of secondary electrons at a depth z by primary beam 
electrons with energy E  (which in general is lower than 0E  due to energy losses as they traverse the 
specimen). )(zp  is the probability of a given secondary escaping the specimen. ),( Ezn can be 












Where SEB  is the average excitation energy to produce a secondary electron and s describes the 
trajectory of a given beam electron as it traverses the specimen. The factor dsdE /  is the stopping 
power of the specimen; this is the rate at which the primary electrons transfer energy during their path 
through the specimen. Assuming that the stopping power depends on the main beam’s energy 0E , the 
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If the produced secondaries are emitted and scattered without any preferential direction within 









Where SEλ  is the effective scape depth of the secondaries. Substituing the expressions for 
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• Current of Auger electrons I AES . 
The current of Auger electrons generated at a certain depth z  of a specimen bombarded by a 
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The sum is over all the atomic species iA making up the specimen. AiN  is the atomic density of 
the iA species in cm
-3, ),( 0EAiiσ  is the Bethe’s interaction cross section of the iA  species for an 
electron with energy 0E . 
i
Klma  measures the Auger yield coming from emissions initiated at the core K-
shell level of the species iA  leaving two holes in the l -th and m -th levels. The factors 
i
Klmα only count 
those Auger electrons that are emitted in the direction of the interface specimen-vacuum and therefore 
have a good chance to escape the specimen (this assumes a symmetrical Auger emission within the 
specimen). The value of each factor iKlmα  depends on the kinetic energy of each emission 
i
KlmE since that 
determines the effective escape depth iKlmΛ the Auger electrons. Electrons with higher 
i
KlmE  have larger 
escape depths iKlmΛ , if the electron probe has a circular cross section with radius 0r , then 
i
KlmΛ  is the 
maximum height of the cylindrical irradiation volume from which an Auger with an energy iKlmE  can be 
produced and escape if it emitted in the direction of the vacuum. Thus, the factors iKlmα that are defined 
as the ratio between the area of one of the caps of the cylindrical volume a  and the total area of the 
























A consequence of this reasoning is that instead of having a single value for the depth z in 
equation (5), one has to use a series of depths iz  that  are in fact the effective escape depths 
i
KlmΛ  









































Where iKE  is the binding energy of the K-shell of the iA  species, 
i
KZ  is the number of electrons 
in that shell, and iKb  and 
i
Kc  are constants to be determined. Substituting ),( 0EAiiσ  into equation (6) 
we get a final expression to estimate the intensity of the Auger current made of electrons that manage to 
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Substituting 0mIIT = , SI from equation (2), SEI from equation (4) and AESI  from equation (7) 










































































Some of the parameters in equation (8) can be tuned by the 0I , the beam probe’s radius 0r  and 
0E  (to an extent), the rest of the parameters are determined by the specimen’s composition and 
geometry. 
Equation (8) cannot be solved analytically since there are several factors that are interdependent 
and that change dynamically with time. For instance, as the positive charge accumulates in the irradiation 
volume an electric field starts to build up. The intensity of the field depends on the SE and Auger yields, 
however, the attractive field potential lowers the probability of the SE and Auger electrons to successfully 
leave the specimen. While the SE and Auger currents lead the charge accumulation rate, the accumulated 
charge (through the generated electric field) diminishes intensity of these same currents. This type of 
feedback loops call for a numerical approach (or a simulation) to solve equation (8). Nevertheless, it is 
possible to make some judicious approximations and idealizations to get an idea of the magnitude of the 





where we deal with the case of a B2O3 specimen, which is a good model for the precursor microparticles 
used for the in-situ synthesis of B/BOX and Al5BO9 nanowires. 
A.2. Charge accumulation and disruption of a B2O3 TEM specimen. 
Looking at readings of the electron beam current hitting on the fluorescent screen while 
irradiating the precursors used to make either B/BOX or Al5BO9 nanowires one can determine that around 
90 % of the main beam gets transmitted through the specimens. Thus, in principle 09.0 IIT = . However, 
it is difficult to determine if most the missing electrons are absorbed by the specimen or simply strongly 
scattered at high deflection angles and therefore falling outside the limits of the fluorescent screen. 
However, we are more interested in looking at the charge accumulated near the specimen’s front and 
back surfaces, more specifically, within the volume from where the SE and Auger electrons are emitted 
and can successfully leave the specimen. This region has a depth slightly larger than 10 nm (as it will be 
shown soon), thus, it is safe to consider that  0IIT ≈  through these superficial regions. Therefore, these 
terms cancel each other out in equation (8). The electric field produced by absorbed electrons much 
deeper in the specimen will be ignored for the rest of this discussion. 
Despite the fact that secondaries have low kinetic energies, insulating materials have relatively 
higher effective escape depths since their wide band gap prevents the low energy SE from promoting 
valence band electrons into the conduction band, under these circumstances the secondaries lose energy 
mainly through electron-phonon interactions.221, 222 The effective length of secondaries (produced from 
cascades initiated by Auger emissions initiated by the excitation of K shell electrons with binding energies 
in the range of 200 eV, such as the boron K-edge at 193.4 eV)220  is of around 6≈SEλ nm as determined 
by Total Electron Yield (TEY) measurements.223 The average excitation energy SEB  for boron oxide is of 
99.6 eV and the range R of 300 kV electrons through a B2O3 specimen is of around 9.69 g/cm
2.224 The 
density of B2O3 is ρ =2.460 g/cm3 , these are all the parameters necessary to determine the intensity of 
SEI as given by equation (4). 
The Auger spectrum of B2O3 has been measured,
224, 225 The spectrum shows three main peaks at 
around 143 eV (lowest intensity), 158.5 eV (mid intensity) and 169 eV (highest intensity). All the Auger 
emissions are initiated by exciting one of the two core-level electrons of the boron K-shell located at EK = -





O(2s) level at -26.3 eV after filling up the initial vacancy in the B(1s) level, changing the initial O2- anion 
into a O0 atom and the initial B3+ cation remains unchanged. The emission at 158.5 eV leaves a hole in a 
O(2p) level at -7.2 eV and one in the O(2s) level at -26.4 eV from which the Auger electron is emitted. The 
process leaves a O0 and a B3+ ions behind. While a hole in the B(2p) level at -11.2 eV and another in a 
O(2p) level at -11.5 eV  leaving an O- anion and a B4+ cation result from the emission at 169 eV.  
According to the adopted nomenclature for the energy if each Auger emission ( KlmE ) we have: 
KssE = 143 eV, KpsE = 158.5 eV and KppE  = 169 eV. Each one of these emissions has an associated 
effective escape depth KssΛ , KpsΛ  and KppΛ . Note that the superindex i  can be dropped since there is 
no need to sum over different atomic species iA in equation (7) since. To calculate the effective escape 
depths it is necessary to know the inelastic mean free paths Klmλ of the Auger electrons. Sjazman et al. 
obtained an approximation for calculating Klmλ 226, 227 of an electron with kinetic energy in the range of 50 
– 100 eV. Since the energies of the Auger electrons of B2O3 are comparable, we can use the formula from 










λ      (9) 
Where pE refers to the plasmon energy that, according to the studies performed by Joyner and 
Hercules,224 is of around 10.8 ±0.5 eV for boron oxide. E is the centroid of the energy loss function of the 
travelling electron. For the case of insulators it can be approximated by gp EEE +≅  where gE is the 
bang gap energ227 which is around 7 eV for B2O3, then, 8.1732 ≅OBE eV.  
In order to complete the calculation of the calculate the effective escape depths KlmΛ it is 
necessary to determine the number of inelastic mean free paths Klmλ  that the Augers can travel before 
its kinetic energy falls below 50 eV i.e. the typical energy range of SE. After this threshold the electrons 
are assumed to be able to travel further 6 nm ( SEλ ) through the specimen since this is the effective 
escape value for SE experimentally measured for B2O3.
223
 The calculation of KlmΛ  has to be done 
iteratively since the value of  λKlm  changes as a function of the electron’s energy and this quantity 
diminishes by E  from one collision to the next, thus, the 1Klmλ  and 
2





be different from one another. A simple algorithm can be implemented to estimate KlmΛ   as the sum of 
n  inelastic mean free paths nKlmλ . The index n stops as soon as the electron’s kinetic energy KlmE  of the 















KlmE  ( 0=n ) is the initial kinetic energy of the original Auger electron before suffering a 
collision. Using this method we get the escape depths of all Auger emissions of B2O3:  
Initial kinetic energy of the Auger 
emission Klm 
Effective escape depth of the 
Auger emission Klm 
EKss = 143 eV 
EKps = 158.5 eV 
EKpp = 169 eV 
ΛKss = 11.5 nm 
ΛKps = 12.6 nm 
ΛKpp = 13.2 nm 
Table A.1. Effective escape depths for the Auger electrons of B2O3. 
The Auger yields for elements between Li and Ar are essentially equal to one,194 thus, we take the 
sum of the Klma  factors as equal to 1. Analyzing the relative heights of the Auger peaks of the spectrum 
reported by Rogers and Knotek170 it can be approximated that the fractions of the Auger yields associated 
with each peak are of around: Kssa  ≈0.23, Kpsa  ≈ 0.37 and Kppa ≈ 0.40. Using these values we get that 
the factors Klmα are: Kssα = 0.41, Kpsα = 0.40 and   Kppα = 0.39. All values are close to 0.5, meaning that 
the escaping electrons come from a volume that resembles a disk rather than a tall cylinder.  
Unfortunately it was not possible to find explicit approximations for the constants Kb  and Kc  in 
the literature. These numbers are needed for calculating the interaction cross section of the K-shell of 
boron, however, Powell makes a recollection of the values of both coefficients for Be and C which flank 





Kc  for B (after all, Kb  does not vary for more than 0.10 and Kc  for more than 0.13 between Be and Ne 
according to the values reported by McGuire).220 Doing this we obtain Kb  = 0.88 and Kc = 0.83 for B.  
Finally, the density of B atoms in B2O3 can be estimated as NB =4.26 x 10
28 atoms/cm3. We then 
have values for all the parameters needed to calculate AESI contribution as displayed in equation (7). 
In order to consider the SI  contribution it is necessary to take into account that B2O3 is a good 
insulator (band gap ~ 7 eV),224, 225 thus, initially one can take AI S 0≈ . However, the electron beam 
causes gradual oxygen desorption on the B2O3 specimen.
 15 Therefore, the electrical conductivity of the 
specimen gradually increases as the relative content of pure elemental B (band gap ~1.4 - 1.5 eV)225 grows 
in the irradiated region. Thus, SI becomes a function that increases over time, essentially it can no longer 
be safely neglected throughout the whole irradiation time.  
The factor +I in equation (8) can be discarded on grounds of the low relatively low mobility of 
positively charged ions in comparison with much lighter electrons.  
The following expression comes from substituting all the parameters obtained so far into the 
general expression in (8). It can be used to calculate the charge accumulation rate until a maximum time 
t   before a significant fraction of oxygen has been lost from the irradiated volume and thus 0≈SI  is still 























































The factor 1.14 x 10-13 arises from multiplying the factor 6.51 x 10-14 In (8) by the constant Kb  = 
0.88. 
After a certain time 1t  a significant amount of oxygen is desorbed from the irradiated volume 
effectively transforming a significant portion of the initial B2O3 into elemental B. After 1t  the contribution 





oxygen atoms by taking into account that neutral O0 are the byproducts of the Auger transitions at KssE  
=143 eV and KpsE  = 158.5 eV of B2O3 and that these species get easily desorbed. Thus, we can calculate 



























   (10) 
Where e is the charge of the electron in Coulombs and the factor ½ accounts for the fact that 
there is a single O0 atom produced for every 2 Auger electrons. 
If we consider that the B2O3 specimen is irradiated with a 300 kV beam having a total current of 
0I  = 20 nA condensed into a probe with a radius 0r = 50 nm and take the height of the irradiated disk of 
interest as equal to KppΛ  (the largest effective escape length among all the Auger emissions of B2O3 ), 
then the number of oxygen atoms desorbed in an irradiation period of 1 s can be estimated from 
equation (10). This renders an oxygen desorption rate of around 1.10 x 105 O atoms/s, this amounts to 
less than 2% of the B2O3 contained within the irradiated disk turned into elemental B per second. This 
simplified result grants that during this first second of irradiation the specimen can be considered as 
made of almost entirely B2O3. Therefore, the approximation 0≈SI  is reasonable during the first seconds 
of condensed irradiation. At this oxygen desorption rate, only after almost 60 s of continued irradiation 
the whole B2O3 contained inside the superficial irradiated disk turns into elemental B. 
Now, using equation (9) it is possible to calculate that the charge accumulated in a disk with 
height KppΛ = 13.2 nm irradiated for 1 second by a probe with radius 0r = 50 nm is of around 3.51 x 10
-12 
C (which is equivalent to around 22 million electrons escaping the irradiated volume).  
The accumulated charge produces an electrostatic potential whose radial component )(rFR  
extends over the surface of the irradiated specimen. The maximum magnitude of )(rFR  is at the 









Where Cρ is the charge density inside the irradiated disk with height Kppz Λ=  and ε  is the 
dielectric constant of the specimen. Cρ after 1 s of irradiation is simply Cρ =3.51 x 10-12 C /π spsΛ 0r 2 and 
the dielectric constant of B2O3 can be approximated by that of borosilicate glass ε  ≈ 3.54 x 10-11F/m (the 
value for ε  of B2O3 could not be found in the literature). Substituting into equation (11) we get RF ≈ 1.26 
x 1013 V/m which is much higher than the dielectric field strength of most insulators (~109 V/m for silica). 
Even if the contribution SEI  is put aside on the grounds of SE having low kinetic energies (so they are 
rapidly reabsorbed into the specimen due to the increasingly high positive potential) we still get a total 
accumulated charge of Q ≈ 6.05 x 10-14 C after 1 second of irradiation. The radial component of the 
electrostatic potential associated with this charge is of around 2.17 x 1011 V/m that is still higher than the 
dielectric field strength of most insulators. 
With and without the SEI current taken into account, the irradiated region of the specimen 
undergoes electrostatic breakdown at the borders of the irradiated disk. As a consequence an avalanche 
a positively charged ions is emitted in order to recover electrostatic equilibrium. It is hypothesized that 
these ions correspond mainly to positively charged boron and oxygen species which make most of the 
feedstock material necessary for the growth of the B/BOX and Al5BO9 nanowires out of precursors mainly 














Appendix B. Beam-induced heating. 
An electron beam is able to elevate the temperature of the irradiated area of a TEM specimen; 
however, generally the effects are minimal due to the “transparency” of thin TEM specimens towards a 
highly energetic e-beam. Nevertheless beam-induced heating might become relevant if: 
1) The beam is condensed down to a nanometer-sized probe and is aimed towards a region of 
the specimen. High current densities can deposit large amounts of energy into a small area, thus, 
raising the local temperature considerably. 
2) The specimen has a low thermal conductivity coefficient. This type of materials are unable to 
dissipate heat efficiently which might lead to a considerable rise of the temperature in the 
irradiated volume.  
3) The specimen has a low melting point or low dimensionality. Materials with low melting 
points can suffer structural changes even if the beam-induced heating is not remarkably high, 
likewise, structures like nanoparticles have lower melting points with respect to their bulky 
counterparts and therefore are more susceptible to suffer structural distortions due to beam-
induced heating. 
4) The specimen is thicker than usual TEM specimens. Thick specimens are able to absorb more 
energy from the beam due to increased scattering of the primary electrons (and even full 
absorption) as they travel across. Part of the absorbed energy is transformed into heat which 
might cause a significant temperature increment.  
The precursor microparticles used throughout this work are made chiefly of boron oxide which is 
a material with a relatively low melting point (~ 450 °C) and with a moderate thermal diffusion 
coefficient. To instigate the growth of B/BOX and Al5BO9 nanowires they must be irradiated by a highly 
energetic and highly condensed e-beam. The dimensionality and composition of the precursor particles as 
well as the irradiation conditions could make them, at least in principle, susceptible to suffer considerable 
beam-induced heating (they fulfill all 4 points in the list above). Therefore it becomes necessary to 
perform a calculation in order to confirm or discard a possibly significant temperature increment in the 





B.1. Beam-heating effects on boron oxide-based precursor microparticles. 
The point of highest temperature in a specimen irradiated with a condensed e-beam probe is 
located at the center of the probe. This point is conveniently chosen to be at the origin of the (cylindrical) 
coordinate system. We are interested in calculating the temperature rise due to beam-induced heating at 
the point 0=r . According to Liu et al.212 the temperature increase at the beam’s center once the steady 



















    (1) 
Where, 0W is the total absorbed power, z  is the precursor’s thickness, κ is the thermal 
conductivity of the film, SR  is the radius of the specimen and 0r is the beam radius. 0W  can be calculated 
from the expression: 
e
zQI
W 00 =  
WhereQ is the total linear energy loss of the electrons with a certain kinetic energy 0E as they 
pass through the specimen. 0I  is the primary beam’s current and e is the charge of the electron.  
Pages et al. have calculated the linear energy loss values for electrons with energy within 
the 10 keV - 100 MeV range traversing a large variety of specimens including B2O3.
223
 )0(T  can 
be easily calculated if one knows the dimensions of the specimen and the irradiation conditions. 
It is also possible to calculate the temperature rise T∆  at any point in the non-illuminated area 
of applying the formulation developed by Egerton et al.213 After neglecting radiative heat losses and once 


































Where ( )eVE  is the average energy loss of an electron per inelastic collision, λ  is the 
electron’s inelastic mean free path of the traversing electron and r is the radial point outside the 
irradiated area at which we want to calculate  Δ.  
• Temperature increase in a B2O3 specimen with embedded Au nanoparticles. 
 
This kind of specimen was used as precursor for the in-situ synthesis of B/BOX nanowires and BOX. 
The radius of a precursor particle was of 500 nm. An 80 kV electron beam condensed into a probe with a 
radius of around ~ 40 nm was used to instigate the growth of the nanowires. If one considers the 
extreme case in which all of  is converted into heat, then, using equation (1) we obtain that the 
temperature increase at the center of the e-beam is only of around ~ 19 K with respect to room 
temperature. Clearly, not enough to melt the irradiated region of the specimen. 
 Equation (2) can be used to calculate the temperature rise at the edges of the specimen, i.e. at a 
radial distance of =r 500 nm. Doing so, one gets a temperature increment of ≈∆T 12 K, which is in 
agreement with the previous result since the temperature at the edge of the specimen cannot be higher 
than that attained at the center of the e-beam. Furthermore, during the growth of the nanowires the 
catalyst nanoparticles are even further away from the beam’s center than the edge of the specimen, 
therefore one can discard thermal effects as playing a role in activating the catalytic behavior of the Au 
nanoparticles during growth. In any case, it might be useful to calculate the increase in the temperature 
of an Au nanoparticle embedded within a B2O3 matrix since this might be a feasible pre-nucleation 
scenario. It might be possible that the nanoparticles undergo a “thermal activation” process during this 
stage of the synthesis process. The ≈∆T due to the electron beam for a Au nanoparticle with a radius of 






















    (3) 
Where J 	is the electron beam current density passing through the nanoparticle of radius AuR , c
and b are the specific heat and density of the nanoparticle respectively and t is the irradiation time. Since 
the nanoparticle is completely embedded within the composite then it can only dissipate heat through 
the B2O3 matrix meaning that we must substitute the thermal conductivity  of B2O3 into equation (3). 





irradiation time of 1 s, doing so and plugging the linear energy loss Q  of 80 kV electrons passing through 
Au,223 we get ≤∆T  8 K. In any case increasing the irradiation time up to 1000 K only produces a ≈∆T
10 K, which is clearly insufficient induce significant changes on the nanoparticle. 
• Temperature increase in a B2O3 with negligible amounts of Al. 
The precursors used for the in-situ production of Al5BO9 nanowires contain only around 4 
% of Al.  After the Al5BO9 nanowires have been nucleated one can assume that most of the Al 
content has been used up, therefore, during the extended growth stage of the synthesis process 
the precursors can be taken to be as essentially pure B2O3 specimens. 
Considering that the precursor particles were irradiated by a 300 kV beam condensed 
into a beam probe with a radius of around 60 nm and carrying a total current of around 20 nm, it 
is possible the calculate the maximum temperature increment at the center of the beam using 
equation (1). Doing so one gets a beam-induced temperature rise of around 37 K above room 
temperature. Clearly, this temperature rise is not high enough to promote the melting of the 
irradiated region of the specimen. 
It is now safe to state that beam-induced heating does not play a role during any of the 













1. Mark H. Rümmeli,  Ewa Borowiak-Palen, Thomas Gemming, Thomas Pichler, Martin Knupfer, Martin 
Kalbác, Lothar Dunsch, Oliver Jost, S. Ravi P. Silva, Wolfgang Pompe, Bernd Büchner, Novel 
catalysts, room temperature, and the importance of oxygen for the synthesis of single-walled 
carbon nanotubes, Nano Lett. 5, 129 – 1215 (2005). 
2. M. Meyyappan, Catalyzed chemical vapor deposition of one-dimensional nanostructures and their 
applications, Prog. Cryst. Growth Charact. Mater. 55, 1 – 21 (2009). 
3. H. U. Rashid, K. Yu, M. N. Umar, M. N. Anjum, K. Khan, N. Ahmad, M. T. Jan, Catalyst role in 
chemical vapor deposition (CVD) process: a review, Rev. Adv. Mater. Sci. 40, 235 – 248 (2015). 
4. Matt Law, Joshua Goldberger, Peidong Yang, Semiconductor nanowires and nanotubes, Annu. Rev. 
Mater. Res. 34, 83 – 122 (2004). 
5. R. Yang, One-Dimensional Nanostructures by Pulsed Laser Ablation, Sci. Adv. Mater. 4, 401  -  406  
(2012). 
6. S. V.N.T. Kuchibhatla, A.S. Karakoti, D. Bera, S. Seal, One dimensional nanostructured materials, 
Prog. Mater. Sci. 52, 699 – 913 (2007). 
7. Wan-Yu Wu, Yu-Ming Chang, Jyh-Ming Ting, Room-Temperature Synthesis of Single-Crystalline 
Anatase TiO2 Nanowires, Cryst. Growth Des. 10, 1646 – 1651 (2010). 
8. A. Lugstein, Johannes Bernardi, Christian Tomastik, E. Bertagnolli,  Synthesis of nanowires in room 
temperature ambient: A focused ion beam approach, Appl. Phys. Lett. 88, 163114 (2006). 
9. Dahl-Young Khang, Hyunsik Yoon, and Hong H. Lee, Room-Temperature imprint lithography, Adv. 





10. S. Matsui, Y. Igaku, H. Ishigaki, J. Fujita, M. Ishida, Y. Ochiai, H. Namatsu, M. Komuro, Room-
temperature nanoimprint and nanotransfer printing using hydrogen silsequioxane, J. Vacuum Sci.  
Technol. B 21, 688 – 692 (2003). 
11. C. Acikgoz, M. A. Hempenius, J. Huskens , G. J. Vancso, Polymers in conventional and alternative 
lithography for the fabrication of nanostructures, European Polymer J. 47, 2033 – 2052 (2011). 
12. S. Ma, C. Con, M. Yavuz, B. Cui, Polystyrene negative resist for high-resolution electron beam 
lithography, Nanoscale Res. Lett. 6, 446 (2011). 
13. M. A. Mohammad, S. K. Dew, K. Westra, P. Li, M. Aktary, Y. Lauw, A. Kovalenko, and M. Stepanova, 
Nanoscale resist morphologies of dense gratings using electron-beam lithography, J. Vac. 
Sci.Technol. B 25, 745 – 753 (2007). 
14. A. Jo, W. Joo, W. –H. Jin, H. Nam, J. K. Kim, Ultrahigh-density phase-change data storage without 
the use of heating, Nature Nanotechnol. 4, 727 – 731 (2009). 
15. L. Fang, W. Zhoufeng, S. XuPing, A novel method self-assemble silver nanowires at room 
temperature, Synth. React. Inorg. Metal Org. Nano Metal Chem. 42, 325 – 328 (2012). 
16. H. Feng, Y. Yang, Y. You, G. Li, J. Guo, T. Yu, Z. Shen, T. Wu, B. Xing, Simple and rapid synthesis of 
ultrathin gold nanowires, their self-assembly and application in surface-enhanced Raman 
scattering, Chem. Commun. 1984 – 1986 (2009). 
17. W. Gong, J. Xue, K. Zhang, Z. Wu, D. Wei, Q. Chen, H. Pan, S. Xu, Room temperature synthesis of 
K2Mo3O10·3H2O nanowires in minutes, Nanotechnology 20, 215603 (2009). 
18. Q. Han, S. Sun, D. Sun, J. Zhu, X. Wang, Room-temperature synthesis from molecular precursors and 
photocatalytic activities of ultralong Sb2S3 nanowires, RSC Adv. 1, 1364 – 1369 (2011). 
19. S. Kundu, A. Leelavathi, G. Madras, N. Ravishankar, Room temperature growth of ultrathin Au 
nanowires with high areal density over large areas by in situ functionalization of substrate, 





20. S. Navaladian, C. M. Janet, B. Viswanathan, T. K. Varadarajan, R. P. Viswanath, A facile room-
temperature synthesis of gold nanowires by oxalate reduction method, J. Phys. Chem. C 111, 14150 
– 14156  (2007). 
21. R. Sahraei, A. Mihandoost, G. Nabiyouni , A. Daneshfar , M. Roushani , M. H. M. Ara, Room 
temperature synthesis and characterization of ultralong Cd(OH)2 nanowires: a simple and template-
free chemical route, Appl. Phys. A 109, 471 – 475 (2012). 
22. L. Sun, L. Wang, Y. Song, C. Guo, Y. Sun, C. Peng, Z. Liu, Z. Li, Aggregation-based growth of silver 
nanowires at room temperature, Appl.Surf. Sci. 254, 2581 – 2587 (2008). 
23. Z. Liu, J. Chen, Y. Zheng, Room-temperature synthesis of Mg(OH)2 nanorods and nanowires in Mg–
H2O–NaCl reaction system, Micro Nano Lett. 8, 74 – 77 (2013) 
24. S. Sun, D. Yang, D. Villers, G. Zhang, E. Sacher, J. –P. Dodelet, Template- and surfactant-free room 
temperature synthesis of self-assembled 3D Pt nanoflowers from single-crystal nanowires, Adv. 
Mater. 20, 571 – 574 (2008). 
25. Z. Y. Bao, D. Y. Lei, J. Dai, Y. Wu, In situ and room-temperature synthesis of ultra-long 
Agnanoparticles-decorated Ag molybdate nanowiresas high-sensitivity SERS substrates, Appl. Surf. 
Sci. 287, 404– 410 (2013).  
26. C. –T. Wu, J. –J. Wu, Room-temperature synthesis of hierarchical nanostructures on ZnO nanowire 
anodes for dye-sensitized solar cells, J. Mater. Chem. 21, 13605 – 13610 (2010). 
27. D. S. Dhawale, A. M. More, S. S. Latthe, K. Y. Rajpure, C. D. Lokhande, Room temperature synthesis 
and characterization of CdO nanowires by chemical bath deposition (CBD) method, Appl. Surf. Sci. 
254, 3269 – 3273 (2008). 
28. Md. Asgar A., Hasan M., Md. Huq F.,  Z. H. Mahmood, Metal assisted synthesis of single crystalline 
silicon nanowires at room temperature for photovoltaic application, J. Nanomed Nanotechnol. 5, 
1000221 (2014). 
29. D. Kumar, S. K. Srivastava, P. K. Singh, K. N. Sood, V. N. Singh , N. Dilawar, M. Husain, Room 
temperature growth of wafer-scale silicon nanowire arrays and their Raman characteristics, J. 





30. C. –H. Kuo, J. –M. Wu, S. –J. Lin, Room temperature-synthesized vertically aligned InSb nanowires: 
electrical transport and field emission characteristics, Nanoscale Res. Lett. 8, 69 (2013). 
31. X. Liu, Y. Zhou, Electrochemical synthesis and room temperature oxidation behavior of Cu 
nanowires, J. Mater. Res. 20, 2371 – 2378 (2005). 
32. X. Yang, W. Lu, J. Hou, X. Li, S. Han, Room-Temperature synthesis of high-density CuS nanowire 
arrays by a simple paired cell, J. Nanosci. Nanotechnol. 11, 9818 – 9822 (2011). 
33. S. Liu, R. J. Wehmschulte, G. Liana, C. M. Burba, Room temperature synthesis of silver nanowires 
from tabular silver bromide crystals in the presence of gelatin, J. Solid State Chem. 179, 696 – 701 
(2006).  
34. M. Lee, W. G. Hong, H. Y. Jeong, S. K. Balasingam, Z. Lee, S. – J. Chang, B. H. Kim, Y. Jun, Graphene 
oxide assisted spontaneous growth of V2O5 nanowires at room temperature, Nanoscale 6, 11066 
(2014). 
35. M. Liu, J. Tao, C. –Y. Nam, K. Kisslinger, L. Zhang, D. Su, Surface-energy induced formation of single 
crystalline bismuth nanowires over vanadium thin film at room temperature, Nano Lett. 14, 5630 − 
5635 (2014). 
36. L. Luo, B. D. Sosnowchik, L. Lin, Room temperature fast synthesis of zinc oxide nanowires by 
inductive heating, Appl. Phys. Lett. 90, 093101 (2007). 
37. S. Sood, K. Kisslinger, P. Gouma, Nanowire Growth by an Electron-Beam-Induced Massive Phase 
Transformation, J. Am. Ceram. Soc. 97, 3733 – 3736 (2014). 
38. G. Dawson, W. Zhou, R. Blackley, Accelerated electron beam induced breakdown of commercial 
WO3 into nanorods in the presence of triethylamine, Phys. Chem. Chem. Phys. 13, 20923 – 20926 
(2011). 
39. B. Wang, Y. H. Yang, G. W. Yang,  Novel growth mechanism of single crystalline Cu nanorods by 
electron beam irradiation, Nanotechnology 17, 5916 – 5921 (2006). 
40. W. Merchan-Merchan, M. F. Farahani, Z. Moorhead-Rosenberg, Electron beam induced formation 





41. G. Shen, Y. Bando, D. Golberg, C. Zhou, Electron-beam-induced synthesis and characterization of 
W18O49 nanowires, J. Phys. Chem. C. 112, 5856 – 5859 (2008). 
42. M. J. Edmondson, W. Zhou, S. A. Sieber, I. P. Jones, I. Gameson, P. A. Anderson, P. P. Edwards, 
Electron beam induced growth of bare silver nanowires from zeolite crystallites, Adv. Mater. 13, 
1608 – 1611 (2001). 
43. P. A. Anderson, M. J. Edmondson, P. P. Edwards, I. Gameson, P. J. Meadows, S. R. Johnson, W. Zhou, 
Production of ultrafine single-crystal copper wires through electron beam irradiation of Cu-
containing zeolite X, Anorg. Allg. Chem. 631, 443 – 447 (2005). 
44. X. Ding, G. Briggs, W. Zhou, Q. Chen, L. –M. Peng, In situ growth and characterization of Ag and Cu 
nanowires, Nanotechnology 17, S376 – S380 (2006). 
45. A. Mayoral, P. A. Anderson, Production of bimetallic nanowires through electron beam irradiation 
of copper- and silver-containing zeolite A, Nanotechnology 18, 165708 (2007). 
46. F. Solá, O. Resto, A. Biaggi-Labiosa, L. F. Fonseca, Electron beam induced growth of silica nanorods 
and heterostructures on porous silicon, Nanotechnology 18, 405308 (2007). 
47. W. Neng, L. –T. Sun, X. –H. Hu,Y. –Y. Zhu, Z. Lin, X. Tao, H. –C. Bi, S. Jun, F. –Z. Dong, Charge 
supported growth and superplasticity of sodium nanostructures, Cryst. Growth Des. 12, 3899 – 
3905 (2012). 
48. E. Longo, L. S. Cavalcante, D. P. Volanti, A. F. Gouveia, V. M. Longo, J. A. Varela, M. O. Orlandi, J. 
Andrés, Direct in situ observation of the electron driven synthesis of Ag filaments on α-Ag2WO4 
crystals, Sci. Rep. 3, 1676 (2013). 
49. J. Andres, L. Gracia, P. Gonzalez-Navarrete, V. M. Longo, W. Avansi, Jr. D. P. Volanti, Jr., M. M. 
Ferrer, P. S. Lemos, F. A. La Porta, A. C. Hernandes, E. A. Longo, Combined experimental and 
theoretical study on the formation of Ag filaments on β-Ag2MoO4 induced by electron beam 
irradiation, Sci. Rep. 4, 5391 (2014). 
50. Yen, M. –Y.; Chiu, C. –W.; Chen, F. –R.; Kai, J. –J.; Lee, C. –Y.; Chiu, H. –T. Convergent Electron Beam 
Induced Growth of Cupper Nanostructures: Evidence of the Importance of a Soft Template, 





51. W. Neng, M. Martini, S. Wei-Ning, X. Ling, L. –T. Sun Li-Tao, S. Yuting, In situ TEM observation of 
rapid lithium encapsulation and release in LiCl nanoshells and nanotubes. Cryst. Eng. Comm. 15, 
7872 – 7878 (2013). 
52. Y. Cheng, X. D. Han, X. Q.  Liu, K. Zheng, Z. Zhang, T. Zhang, Z. T. Song, B. Liu, S. L. Feng, Self-
extrusion of Te nanowire from Si-Sb-Te thin films. Appl. Phys. Lett. 93, 183113 (2008). 
53. J. Tian, Z. Xu, C. Shen, F. Liu, N. Xu, H. Gao, One-dimensional boron nanostructures: Prediction, 
synthesis, characterizations, and applications, Nanoscale 2, 1375 - 1389 (2010). 
54. B. E. Douglas,S. –M. Ho, Structure and chemistry of crystalline solids (Springer - Verlag, N.Y., 2006). 
55. D. W. Bullet, Structure and bonding in crystalline boron and B12C3, J. Phys. C 15, 415 – 426 (1982). 
56. M. I. Eremets, V. V. Struzhkin, H. K. Mao, R. J. Hemley, Superconductivity in boron,  Science 293, 272 
– 274 (2001). 
57. A. R. Oganov, J. H. Chen, C. Gatti, Y. Z. Ma, Y. M. Ma, C. W. Glass, Z. X. Liu, T. Yu, O. O. Kurakevych, 
V. L. Solozhenko, Ionic high-pressure form of elemental boron, Nature 457, 863 – 867 (2009). 
58. I. Boustani, A. Quandt, Nanotubules of bare boron clusters: Ab initio and density functional study, 
Europhys. Lett. 39, 527 – 532 (1997). 
59. A. Gyndulite, W. N. Lipscomb, L. Massa, Proposed boron nanotubes, Inorg. Chem. 37, 6544 – 6545 
(1998). 
60. J. Kunstmann, A. Quandt, Broad boron sheets and boron nanotubes: An ab initio study of structural, 
electronic, and mechanical properties, Phys. Rev. B 74, 035413 (2006). 
61. V. Bezugly, J. Kunstmann, B. Grundkötter-Stock, T. Frauenheim, T. Niehaus, G. Cuniberti, Highly 
conductive boron nanotubes: transport properties, work functions, and structural stabilities, ACS 
Nano 5, 4997 (2011). 
62. X.Yang, Y. Ding, J. Ni, Ab initio prediction of stable boron sheets and boron nanotubes: Structure, 





63. H. Tang, S. Ismail-Beigi, Novel Precursors for Boron nanotubes: The competition of two-center and 
three-center bonding in boron sheets, Phys. Rev, Lett. 99, 11501 (2007). 
64. H. Liu, J. Gao, J. Zhao, From boron cluster to two-dimensional boron sheet on Cu(111) surface: 
growth mechanism and hole formation, Sci. Rep. 3, 3238  (2013). 
65. Z. Zhang, Y. Yang, G. Gao, B. I. Yakobson. Two-dimensional boron monolayers mediated by metal 
substrates, Angew. Chem. Int. Ed. 54, 13022  – 13026 (2015). 
66. H. Tang, S.Ismail-Beigi, First-principles study of boron sheets and nanotubes, Phys. Rev. B 82, 
115412 (2010). 
67. X. Wu, J.Dai, Y. Zhao, Z. Zhuo, J. Yang, X. Cheng Zeng, Two-dimensioanl boron monolayer sheets, 
ACS Nano 6, 7443 – 7453 (2012). 
68. E. S. Penev, S. Bhowmick, A. Sadrzadeh, B. I. Yakobson, Polymorphism of two-dimensional boron, 
Nano Lett. 12, 2441 – 2445 (2012). 
69. A. J. Mannix, X. –F. Zhou, B. Kiraly, J. D. Wood, D. Alducin, B. D. Myers, X. Liu, B. L. Fisher, U. 
Santiago, J. R. Guest, M. J. Yacaman, A. Ponce, A. R. Oganov, M. C. Hersam, N. P. Guisinger, 
Synthesis of borophenes: Anisotropic, two-dimensional boron polymorphs, Science 350, 1513 – 
1516 (2015). 
70. B. Feng, J. Zhang, Q. Zhong, W. Li, S. Li, H. Li1, P.Cheng, S. Meng, L. Chen, K. Wu, Experimental 
realization of two-dimensional boron sheets, Nature Chem. 8, 563 – 568 (2016). 
71. G. Tai, T. Hu, Y. Zhou, X. Wang, J. Kong, T. Zeng, Y. You, Q. Wang, Synthesis of atomically thin boron 
films on copper foils, Angew. Chem. Intl. Ed. 54, 15473  – 15477 (2015). 
72. J. Boustani, A. Quandt, E. Hernandez, A. Rubio, New boron based nanostructured materials, J. 
Chem. Phys. 110, 3176 – 3185 (1999).  
73. K. C. Lau, R.  Pati, R. Pandey, A. C. Pineda, First-principles study of the stability and electronic 





74. Abhishek K. Singh, Arta Sadrzadeh, and Boris I. Yakobson, Probing Properties of Boron r-Tubes by Ab 
Initio Calculations, Nano Lett. 8, 1314 – 1317 (2008).  
75. D. Ciuparu, R. F. Klie, Y. Zhu, L. Pfefferle, Synthesis of pure boron single-walled nanotubes, J. Phys. 
Chem. B 108, 3967 (2004). 
76. F. Liu, C. Shen, Z. Su, X. Ding, S. Deng, J. Chen, N. Xu, H. Gao, Metal-like single crystalline boron 
nanotubes: synthesis and in situ study on electric transport and field emission properties,  J. Mater. 
Chem., 20, 2197 (2010). 
77. R. F. Barth, M. G. H. Vicente, O. K. Harling, W. S. Kiger III, K. J. Riley, P. J. Binns, F. M. Wagner , M. 
Suzuki, T. Aihara, I. Kato, S. Kawabata, Current status of boron neutron capture therapy of high 
grade gliomas and recurrent head and neck cancer, Radiation Oncology 7, 1 – 21 (2012). 
78. A. D. Trifunac, I. A. Shkrob, and D. W. Werst, Radiation effects on transport and bubble formation in 
silicate glasses, US-DOE Grant No. 60313:  Final Report, Argonne National Laboratory (2000). 
79. X. Pi, Doping silicon nanocrystals with boron and phosphorus, J. Nanomater. 2012, 912903 (2012). 
80. H. W. Herring, Selected Mechanical and Physical Properties of Boron Filaments, NASA. Technical 
note TN D – 3202, (1966). 
81. C. J. Otten, O. R. Lourie, M. –F. Yu, J. M. Cowley, M. J. Dyer, R. S. Ruoff, W. E. Buhro,  Crystalline 
boron nanowires, J. Am. Chem. Soc. 124, 4564 – 4565 (2002). 
82. D. Wang, J. G. Lu, C. J. Otten, William E. Buhro, Electrical transport in boron nanowires, Appl. Phys. 
Lett. 83, 5280 – 5282 (2003). 
83. J. Tian, J. Cai, C. Hui, C. Zhang, L. Bao, M. Gao, C. Shen, H. Gao, Boron nanowires for flexible 
electronics, Appl. Phys. Lett. 93, 122105 (2008). 
84. W.Ding, L. Calabri, X. Chen, K. M. Kohlhaas, R. S. Ruoff, Mechanics of crystalline boron nanowires, 





85. L. Sun, T. Matsuoka, Y. Tamari, K. Shimizu, J. Tian, Y. Tian, C. Zhang, C. Shen, W. Yi, H. Gao, J. Li, X. 
Dong, Z. Zhao, Pressure-induced superconducting state in crystalline boron nanowires, Phys. Rev. B 
79, 140505 (2009). 
86. F. Liu, J. Tian, L. Bao, T. Yang, C. Shen, X. Lai, Z. Xiao, W. Xie, S. Deng, J. Chen, J. She, Ni. Xu, H. Gao, 
Fabrication of vertically aligned single-crystalline boron nanowire arrays and investigation of their 
field-emission behavior, Adv. Mater. 20, 2609 – 2615 (2008). 
87. F.Liu, W. J. Liang, Z. J. Su, J. X. Xia, S. Z. Deng, J. Chen, J. C. She, N. S. Xu, J. F. Tian, C. M. Shen , H.-J. 
Gao, Fabrication and field emission properties of boron nanowire bundles, Ultramicroscopy 109, 
447 – 450 (2009). 
88. X. Wang, J.Tian, T. Yang, L. Bao, C. Hui, F. Liu, C. Shen, C. Gu, N. Xu, H. Gao, Single crystalline boron 
nanocones: Electric transport and field emission properties, Adv. Mater. 19, 4480 – 4485 (2007). 
89. Q. Yang, J. Sha, J. Xu, Y. J. Ji, X. Y. Ma, J. J. Niu, H. Q. Hua, D. R. Yang, Aligned single crystal boron 
nanowires, Chem. Phys. Lett. 379, 87–90 (2003).  
90. Z. Li, J. Baca, J. Wu, In situ switch of boron nanowire growth mode from vapor-liquid-solid to oxide-
assisted growth, Appl. Phys. Lett. 92, 113104 (2008). 
91. Y. B. Geng, M. K. Li , D. Q. Yu, J. Zhang, L. Y. Yu, Q. J. Feng, Z. Yang, Fabrication and 
characterization of boron nanowires at relatively low temperature, Sci. China Phys. Mech. 
Astronomy 53, 1847 – 1852 (2010). 
92. F. Liu, W. J. Liang, Z. J. Su, J. X. Xia, S. Z. Deng, J. Chen, J. C. She, N. S. Xu, J. F. Tian, C. M. Shen, H.- J. 
Gao, Fabrication and field emission properties of boron nanowires bundles, Ultramicroscopy 109, 
447 – 450 (2009). 
93. T. T. Xu, A. W. Nichols, R. S. Ruoff, Boron nanowires and novel tube–catalytic particle–wire hybrid 
boron nanostructures, NANO: Brief Reports and Reviews 1, 55 – 63 (2006). 
94. Q. Yang, J. Sha, L. Wang, Z. Su, X. Ma, J. Wang, D. Yang, Morphology and diameter controllable 





95. H. S. Yun, J. Z. Wu, A. Dibos, X. Zou, U. O. Karlsson, Self-Assembled Boron Nanowire Y-Junctions, 
Nano Lett. 6, 385 – 389 (2006).  
96. H. Bai, D. Dai, C. X. Zhu, G. X. Chen, N. Jiang, Crystalline boron nanowires grown on the diamond 
surface, J. Cryst. Growth 389, 74 – 77 (2014). 
97. T. T. Xu, J. –G. Zheng, N. Wu, A. W. Nicholls, J. R. Roth, D. A. Dikin, R. S. Ruoff, Crystalline boron 
nanoribbons: synthesis and characterization, Nano Lett. 4, 963 – 968 (2004). 
98. Y. Q. Wang, X. F. Duan, L. M. Cao, W. K. Wang, One-dimensional growth mechanism of amorphous 
boron nanowires, Chem. Phys. Lett. 359, 273 – 277 (2002). 
99. L. Cao, Z. Zhang, L. Sun, C. Gao, M. He, Y. Wang, Y. Li, X. Zhang, G.Li, J. Zhang, W. Wang, Well-
aligned boron nanowire arrays, Adv. Mater. 13, 1701 – 1704 (2001).  
100. Y. Q. Wang, L. M. Cao, X. F. Duan, Amorphous feather-like boron nanowires, Chem. Phys. Lett. 367, 
495 – 499 (2003). 
101. L. Cao, K. Hahn, Y. Wang, C. Scheu, Z. Zhang, C. Gao, Y. Li, X. Zhang, L. Sun, W. Wang, M. Rühle, 
Featherlike boron nanowires arranged in large-scale arrays with multiple nanojunctions, Adv. 
Mater. 14, 1294 – 1297 (2002). 
102. G. Yunpeng, Z. Xu, R. Liu, Crystalline boron nanowires grown by magnetron sputtering, Mater. Sci. 
Eng. A 434, 53 – 57 (2006). 
103. X. M. Meng, J.Q. Hu, Y. Jiang, C.S. Lee, S.T. Lee, Boron nanowires synthesized by laser ablation at 
high temperature, Chem. Phys. Lett. 370, 825 – 828 (2003). 
104. Z. Wang, Y. Shimizu, T. Sasaki, K. Kawaguchi, K. Kimura, N. Koshizaki, Catalyst-free fabrication of 
single crystalline boron nanobelts by laser ablation, Chem. Phys. Lett. 368, 663 – 667 (2003). 
105. Z. Wang, T. Sasaki, Y. Shimizu, K. Kirihara, K. Kawaguchi, K. Kimura, N. Koshizaki, Effect of substrate 






106. Y. Zhang, H. Ago, M. Yumura, T. Komatsu, S. Ohshima, K. Uchida, S. Iijima, Synthesis of crystalline 
boron nanowires by laser ablation, Chem. Commun. 2806 – 2807 (2002). 
107. P. Ahmad, M. U. Khandaker, Z. R. Khan, Y. M. Amin, A simple technique to synthesize pure and 
highly crystalline boron nitride nanowires, Ceram.Intl. 40, 14727 – 14732 (2014). 
108. A. Nag, K. Raidongia, K. P. S. S. Hembram, R. Datta, U. V. Waghmare, C. N. R. Rao, Graphene 
analogues of BN: Novel synthesis and properties, ACS Nano 4, 1539 – 1544 (2010).  
109. L. Song, L. Ci, H. Lu, P. B. Sorokin, C. Jin, J. Ni, A. G. Kvashnin, D. G. Kvashnin, J. Lou, B. I. Yakobson, P. 
M. Ajayan, Large scale growth and characterization of atomic hexagonal boron nitride layers, Nano 
Lett. 10, 3209 – 3215 (2010). 
110. C. Jin, F. Lin, K. Suenaga, S. Iijima, Fabrication of a freestanding boron nitride single layer and its 
defect assignments, Phys. Rev. Lett. 102, 195505 (2009). 
111. S. Hu, M. Lozada-Hidalgo, F. C. Wang, A. Mishchenko, F. Schedin, R. R. Nair, E. W. Hill, D. W. 
Boukhvalov, M. I. Katsnelson, R. A. W. Dryfe, I. V. Grigorieva, H. A. Wu, A. K. Geim, Proton transport 
through one-atom-thick crystals, Nature 516,  227 – 229 (2014). 
112. Y. Wu, L. K. Wagner, N. R. Aluru, The interaction between hexagonal boron nitride and water from 
first principles, J. Chem. Phys. 142, 234702 (2015). 
113. C. R. Dean, A. F. Young3, I.Meric, C. Lee, L. Wang, S. Sorgenfrei, K. Watanabe, T. Taniguchi, P. Kim, K. 
L. Shepard, J. Hone, Boron nitride substrates for high-quality graphene electronics, Nature 
Nanotechnol. 5, 722 – 726 (2010). 
114. H. Zhang, J. Tang,, J. Yuan, J. Ma, N.Shinya, K. Nakajima, H. Murakami, T. Ohkubo,  L. –C. Qin, 
Nanostructured LaB6 Field Emitter with Lowest Apical Work Function, Nano Lett. 10, 3539 – 3544 
(2010). 
115. H. Zhang, J. Tang, Q. Zhang, G. Zhao, G. Yang, J. Zhang, O. Zhou, L. –C. Qin, Field emission of 
electrons from single LaB6 nanowires, Adv. Mater. 18, 87 – 91 (2006). 





117. R. Ma, Y. Bando, T. Mori, D. Golberg, Direct pyrolysis method for superconducting crystalline MgB2 
nanowires, Chem. Mater. 15, 3194 – 3197 (2003). 
118. A. Nino, A. Tanaka, S. Sugiyama, H. Taimatsu, Indentation size effect for the hardness of refractory 
carbides, Mater. Transact. 51, 1621 -1626 (2010).  
119. T. L. Aselage, D. Emin, S. S. McCready, R. V. Duncan, Large enhancement of boron carbides’ Seebeck 
coefficients through vibrational softening, Phys. Rev. Lett. 81, 2316 – 2319 (1998). 
120. N, Orlovskaya, M. Lugovy, Eds. Boron rich solids: Sensors, ultra high temperature ceramics, 
thermoelectrics, armor (NATO Science for Peace and Security Series B: Physics and Biophysics), 
2010. 
121. K. Suganuma, T. Fujita, N. Suzuki, K. Niihara, Aluminium composites reinforced with a new 
aluminium borate whisker, J. Mater. Sci. Lett. 9, 633 – 635 (1990). 
122. M. Fisch, T. Armbruster, D. Rentsch, E. Libowitzky, T. Pettke, Crystal chemistry of mullite type 
aluminoborates Al18B4O33 and Al5BO9 a stoichiometry puzzle. J. Solid State Chem. 184, 70–80 
(2001). 
123. X. Tao, X. Wang, X. Li, Nanomechanical characterization of one-step combustion-synthesized 
Al4B2O9 and Al18B4O33 Nanowires, Nano Lett. 7, 3172 – 3176 (2007). 
124. R. Ma, Y. Bando, T. Sato, Nanowires of metal borates, Appl. Phys. Lett. 81, 3467 (2002). 
125. C. Cheng, C. Tang, X. X. Ding, X. T. Huang, Z. X. Huang, S. R. Qi, L. Hu, Y. X. Li, Catalytic synthesis of 
aluminum borate nanowires, Chem. Phys. Lett. 373, 626 – 629 (2003). 
126. L. M. Peng, S. J. Zhu, Z. Y. Ma, J. Bi, F. G. Wang, H. R. Chen, D. O. Northwood, High temperature 
creep deformation of Al18B4O33 whisker-reinforced 8009 Al composite, Mater. Sci. Eng. A265, 63 – 
70 (1999). 
127. H. K. Lee, S. Zerbetto , P. Colombo, C. G. Pantano, Glass–ceramics and composites containing 





128. X.-Y. Zhang, X. –J. Zhang, Z. –L. Huang, B. –S. Zhu, R. –R. Chen, Hybrid effects of zirconia 
nanoparticles with aluminum borate whiskers on mechanical properties of denture base resin 
PMMA, Dental Mater. J. 33, 141 – 146 (2014). 
129. X. Zhang, X. Zhang , B. Zhu, K. Lin, J. Chang, Mechanical and thermal properties of denture PMMA 
reinforced with silanized aluminum borate whiskers, Dental Mater. J. 31, 903 – 908 (2012). 
130. Pat Sooksaen, Structure and crystallization of borate-based glasses for machinable material 
applications, Intl. J. Appl. Phys. Mathem. 2, 89 (2012). 
131. L. M. Peng, X. K. Li, H. Li, J.H. Wang, M. Gong, Synthesis and microstructural characterization of 
aluminum borate whiskers, Ceram. Intl. 32, 365 – 368 (2006). 
132. Y. Liu, Q. Li, S. Fan, Self-catalytic growth of aluminum borate nanowires, Chem. Phys. Lett. 375, 632 
– 635 (2003). 
133. J. Zhang, J. Lin, H.S. Song, E.M. Elssfah, S.J. Liu, J.J. Luo, X.X. Ding, C. Tang, S.R. Qi, Bulk-quantity fast 
production of Al4B2O9/Al18B4O33 single-crystal nanorods by a novel technique, Mater. Lett. 60, 
3292–3295 (2006). 
134. E. M. Elssfah, C. C. Tang, J. Zhang, H. S. Song, X. X. Ding, S. R. Qi, Low-temperature performance of 
Al4B2O9 nanowires, Mater. Res. Bull. 42, 482 – 486 (2007). 
135. E. M. Elssfah, H. S. Song, C. C. Tang, J. Zhang, X. X. Ding, S. R. Qi, Synthesis of aluminum borate 
nanowires via a novel flux method, Mater. Chem. Phys. 101, 499 – 504 (2007). 
136. J. X. Li, T. Narita, J. Ogawa, M. Wadasako, In situ synthesis of porous ceramics with a framework 
structure of aluminium borate whisker, J. Mater. Sci. 33, 2601 – 2605 (1998). 
137. C. C. Tang, E. M. Elssfah, J. Zhang, D. F. Chen, Morphology- and composition-controlled synthesis of 
aluminium borate nanowires without catalysts, Nanotechnology 17, 2362 – 2367 (2006).  
138. J. Wang, J. Sha, Q. Yang, Y. Wang, D. Yang, Synthesis of aluminium borate nanowires by sol–gel 





139. Y. Li, R. P. H. Chang, Synthesis and characterization of aluminum borate (Al18B4O33, Al4B2O9) 
nanowires and nanotubes, Mater. Chem. Phys. 97, 23 – 30 (2006). 
140. I. G. Gonzalez-Martinez, A. Bachmatiuk, V. Bezugly, J. Kunstmann, T. Gemming, Z. Liu, G. Cuniberti, 
M. H. Rümmeli. Electron-beam induced synthesis of nanostructures: a review, Nanoscale 8, 11340 – 
11362 (2016). 
141. O. Stéphan, Y. Bando, A. Loiseau, F. Willaime, N. Shramchenko, T. Tamiya, T. Sato, Formation of 
small single-layer and nested BN cages under electron irradiation of nanotubes and bulk material, 
Appl. Phys. A. 67, 107 – 111 (1998). 
142. D. Golberg, Y. Bando, O. Stéphan, K. Kurashima,  Octahedral boron nitride fullerenes formed by 
electron beam irradiation, Appl. Phys. Lett. 73, 2441 – 2443 (1998). 
143. Y. Wu, P. Yang, Direct observation of vapor-liquid-solid nanowire growth, J. Am. Chem. Soc. 123, 
3165 – 3166 (2001). 
144. S. Kodambaka, J. Tersoff, M. C. Reuter, F. M. Ross, Germanium nanowire growth below the eutectic 
temperature, Science 316, 729 – 732 (2007). 
145. M. S. Mohlala, N. J. Coville, Floating catalyst CVD synthesis of carbon nanotubes from CpFe(CO)2X (X 
= Me, I): Poisoning effects of I, J. Organomet. Chem. 692, 2965 – 2970 (2007). 
146. Y. T. Lee, N. S. Kim, J. Park, J. B. Han, Y. S. Choi, H. Ryu, H. J. Lee, Temperature-dependent growth of 
carbon nanotubes by pyrolysis of ferrocene and acetylene in the range between 700 and 1000 °C, 
Chem. Phys. Lett. 372, 853 – 859 (2003).  
147. R. S.Wagner, W. C. Ellis, Vapor-liquid-solid mechanism of single crystal growth, Appl. Phys. Lett. 4, 
89 – 90 (1964). 
148. D. S. Kim, R. Scholz, U. Gösele, M. Zacharias, Gold at the root or at the tip of ZnO nanowires a 
model, Small. 4, 1615 – 1619 (2008). 
149. S. V. Thombare, A. F. Marshall, P. C. McIntyre, Kinetics of germanium nanowire growth by the 





150. B.S. Thabethe, G. F. Malgas, D.E. Motaung, T. Malwela, C. J. Arendse, Self catalytic growth of tin 
oxide nanowires by chemical vapor deposition, J. Nanomater. 13, 712361 (2013). 
151. A. Sekar, S.H. Kim, A. Umar, Y.B. Hahn, Catalyst-free synthesis of ZnO nanowires on Si by oxidation 
of Zn powders, J Cryst. Growth. 277, 471 – 478 (2005). 
152. O. Scherzer,The theoretical resolution limit of the electron microscope, J. Appl. Phys. 20, 20 – 29 
(1949). 
153. C. Hetherington, Aberration correction for TEM, Mater. Today 7, 50 – 55 (2004). 
154. C. Ellegaard, A. E. Hansen, A. Haaning, K. Hansen, A. Marcussen, T. Bohr, J. L. Hansen, S. Watanabe, 
Electron microscopy image enhanced, Nature 392, 768 – 769 (1998). 
155. P. E. Batson, N. Dellby O. L. Krivanek, Sub-ångstrom resolution using aberration corrected electron 
optics, Nature 418, 617-620 (2002). 
156. J. Zach, M. Haider, Aberration correction in a low voltage SEM by a multipole corrector, Nucl. Instr. 
and Meth. in Phys. Res. A 363, 1316 – 325 (1995). 
157. C. Kisielowski, B. Freitag, M. Bischoff, H. van Lin, S. Lazar, G. Knippels, P. Tiemeijer, M. van der Stam, 
S. von Harrach, M. Stekelenburg, M. Haider, S. Uhlemann, H. Müller, P. Hartel, B. Kabius, D. Miller, I. 
Petrov, E.A. Olson, T. Donchev, E.A. Kenik, A.R. Lupini, J. Bentley, S.J. Pennycook, I.M. Anderson, 
A.M. Minor, A.K. Schmid, T. Duden, V. Radmilovic, Q.M. Ramasse, M. Watanabe, R. Erni, E.A. Stach, 
P. Denes and U. Dahmen, Detection of Single Atoms and Buried Defects in Three Dimensions by 
Aberration-Corrected Electron Microscope with 0.5-Å Information Limit, Microsc. Anal. 14, 2008, 
469 – 477. 
158. B. Kabius, P. Hartel, M. Haider, H. Müller, S. Uhlemann, U. Loebau, J. Zach, First application of Cc-
corrected imaging for high resolution and energy-filtered TEM, Microsc. Microanal. 15 (2009). 
159. P. D. Nellist, S. J. Pennycook, The principles and interpretation of annular dark-field Z-contrast 
imaging, Adv. Imag. Elect. Phys. 113, 147 – 203 (2000).  





161. M.L. Knotek, P.J. Feibelman, Ion desorption by core-hole Auger decay, Phys. Rev. Lett. 40, 964 
(1978). 
162. M. L. Knotek, P. J. Feibelman, Stability of ionically bonded surfaces in ionizing environments, Surf. 
Sci. 90, 78 – 90 (1979). 
163. P. H. Citrin, Interatomic Auger processes: Effects on fifetimes of core hole states. Phys. Rev. Lett. 31, 
1164 – 1167 (1973). 
164. T.A. Carlson, M.O. Krause, Experimental evidence for double electron emission in an Auger process, 
Phys. Rev. Lett. 14, 390 (1965) 
165. D. J. Smith, M. R. McCartney, L. A. Bursill, The electron-beam-induced reduction of transition metal 
oxide surfaces to metallic lower oxides, Ultramicroscopy 23, 299 – 304 (1987). 
166. M. R. McCartney, D. J. Smith, Epitaxial relationships in electron-stimulated desorption processes at 
transition metal oxide surfaces, Surf. Sci. 221, 214 -232 (1989). 
167. M. R. McCartney, P. A. Crozier, J. K. Weiss, D. J Smith, Electron-beam-induced reactions at transition  
metal oxide surfaces, Vacuum 42, 301 – 308 (1991). 
168. H. Iwasaki, T. Yoshinobu, K. Sudoh, Nanolithography on SiO2/Si with a scanning tunnelling 
microscope, Nanotechnology 14, R55 – R62 (2003). 
169. E. H. Adem, D. L. Seymour, E. B. Pattinson, Interaction of electron beams with an oxygen exposed 
polycrystalline aluminium surface, Surf. Sci. 141, 1 – 12 (1984). 
170. J. W. Rogers, M. L. Knotek, The oxidation of polycrystalline boron: the interpretation of AES and ELS 
results. Appl. Surf. Sci. 13, 352 – 364 (1982). 
171. B. J. Kooi, G. W. M. Groot, J. Th. M. De Hosson, J Transmission electron microscopy study of the 
crystallization of Ge2Sb2Te5, J. Appl. Phys. 95, 924 – 932 (2004). 
172. T. Zhang, Z. Song, M. Sun, B. Liu, S. Feng, B. Chen, Investigation of electron beam induced 





173. J. Murray, K. Song, W. Huebner, M. O'Keefe, Electron beam induced crystallization of sputter 
deposited amorphous alumina thin films, Mater. Lett. 74, 12 – 15 (2012). 
174. P. Kern, Y. Müller, J. Patscheider, J. Michler, Electron-Beam-Induced Topographical, chemical, and 
structural patterning of amorphous titanium oxide films, J. Phys. Chem. B. 110, 23660 – 23668 
(2006). 
175. Z. C. Li, H. Zhang, Y. B. Xu, Direct observation of electron-beam-induced nucleation and growth in 
amorphous GaAs, Mater. Sci. Semicond. Proc. 7, 19 – 25 (2004). 
176. W. Qin, T. Nagase, Y. Umakoshi, Electron irradiation-induced nanocrystallization of amorphous 
Fe85B15 alloy evidence of athermal nature, Acta Materialia 57, 1300 – 1307 (2009). 
177. W. Qin, J. A. Szpunar, Y. Umakoshi, Electron or ion irradiation induced phase change mechanism 
between amorhpus and crystalline state, Acta Materialia 59, 2221 – 2228 (2011). 
178. V. D. Das, P. J. Lakshmi, Electron-beam-induced ‘‘explosive’’ crystallization of 
amorphous Se80Te20 alloy thin films and oriented growth of crystallites, Phys. Rev. B. 37, 720 – 726 
(1988). 
179. R. K. Sharma, S. K. Bansal, R. Nath, R. M. Mehra, K. Bahadur, R. P. Mall, K. L. Chaudhary, C. L. Garg, 
Electron beam induced explosive crystallization of unsupported amorphous germanium thin films, J. 
Appl. Phys. 55, 387 – 394 (1984). 
180. L. Nikolova, T. LaGrange, M. J. Stern, J. M. MacLeod, B. W. Reed, H. Ibrahim, G. H. Campbell, F. 
Rosei, B. J. Siwick, Complex crystallization dynamics in amorphous germanium observed with 
dynamic transmission electron microscopy, Phys. Rev. B. 87, 064105 (2013). 
181. T. Takamori, R. Messier, R. Roy, Phenomenology of the „explosive“ crystallization of sputtered non-
crystalline germanium films, J. Mater. Sci. 8, 1809 – 1816 (1973). 
182. W. J. Weber, J. W. Wald, Effects of self-radiation damage in Cm-doped Gd2Ti2O7 and CaZrTi2O7. J, 
Nucl. Mater. 138, 196 – 209 (1986).  
183. W. J. Weber, Hj. Matzke, Effects of irradiation on microstructure and fracture properties in 





184. R. C. Ewing, T. H. Headly, Alpha-recoil damage in natural zirconolite (CaZrTi2O7), J. Nucl. Mater. 119, 
102 – 109 (1983).  
185. A. Meldrum, L. A. Boatner, R. C. Ewing, Electron irradiation induced nucleation and growth in 
amorphous LaPO4, ScPO4 and zircon, J. Mater. Res. 12, 1816 – 1827 (1997). 
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